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¯ ~ (57) Abstract: There is provided.an electro-optical component comprising: a substrate (130); a phase,variable element carried on 
the substrate (135); a memory carried on the substrate for storing data representative of a phase state for the phase-v_affable element; 

~and a controller (140) carried on the substrate, for utilizing [he data and setting the phase statefor the element. There also provided 

~ an electro-optical componenVcomprising: substrate (730); a phase-variable element carded on the substrate (735); and a circuit (740) 

carried on the substrate for computing and applying a phase state for the phase-variable element. - . .. . . 
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ELECTRO-OPTICAL COMPONENT 

HAV’E~G A RECONFIGURABLE ~PHASE STATE 

¯ BACKGROUND.. OF TI--IE ~0N 

1. Field of the Invention 

PCT/US01/16174 

10 

The present invention relates to an electro-optical component having.a 

reconfigurable phase state. The component is particularly suitable for steering an 

optical beam. Such a component can be used in applications such as metropolitan 

area network (MAN)optical terabit switching/routing, all-optical cross-connect 

systems for dense wave dlvision.multipiexing (DWDM) networks, photonies signal 

processing, and free space laser eommunleation. 

21 . .-Descriptionofthe l~rior Art 

One of the most critical elements within the framework of optical transport 

networks based on wavelength-division multiplexing is an optical cross-connect 

(OXC). This optical routing device provides network management in the optical 

layer, with potential throughputs ofterabits per second. An optical cross connection 

may be acc6mplishedby either a hybrid approach or by an all-optical approach. 

25 

30 

The hybrid approach converts an optical data stream into an electronic data 

stream: It USes an electronic cross connection, and then performs an electrical-optical 

conversion. There is an inherent problem with the hybrid approach when used in a 

networked environment. Historically, microprocessor speed has doubled almost 

every 18 months, but demand for network capacity has increased at a much faster rate, 

thus eansing a widening gap between the microprocessor speed and the volume of 

network traffic.. The effect of this gap places a great burden on the electronic cross 

connections for optical links that are implemented in metropolitan and long-haul 

networks. Optic...a! � .a~rier 48 (OC-48) is one of the layers of hierarchy in a.. 

conventional:Synehronous optical.network (SONET). The procedure of optical- 
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electrical-optical (OEO) conversion becomes more difficult as the.speed ofthe link 

reaches 0C-48 (2.5 Gbps), and is even more difficult at higher speeds. At such 

speeds, the electronic circuitry of the OEO causes a network bottleneck. 

The all optical approach performs the cross connection entirely in the.opti~al 

domain. The all optical approach does not have the same speed limitations as the 

hybrid approach. It is normally used for fiber channel, high bandwidth cross ¯ 

connections. Taking ~x.bl to represent the dimension of the OXC, Le. the number of ’ 

input and output ports, then 1V is typically between 2 and 32 for an all optical OXC. ... 

However,. larger dimension OXCs, with Nup to several hundreds.or even a thousand 

are contemplated, h4any proposed optical cross-connectarchitectures include a set 0f.. 

optical space switches capable of switching a.large number of input and output fibers. 

However, despite a significant investment for development of an all photonics OXC, 

it is presently a major challenge to design a reliable all photonics, non-blocking, low - 

loss, scalable and ~econfigurable optical switch, even for :N in the order o£32-40. 

2O 

Several different technologies have been tried for Optical interconnects, but 

none is yet regarded as a technology .or market place leader. This is due, in part, to an 

impracticality of the switching media or to a lack of scalability in cross-connecting a 

suitable number ofinpurt and output ports.                             .- 

25 

3O 

For example, guided wave systems use nonlinear electro-0ptic components, 

sometimes with diffraction effects, to couple Optical signals from one fiber ~wave- ~. 

guide to another. Prominent attention in this class of devices has been given to fiber 

Bragg switches and other fiber pro~mity coupling schemes such as. devices.using " 

electro-optic effects in lithium niobite, silica or polymerbased materials. Alimitation 

o£these switch meehanismsis scalability. It is_difficult to construct guided,wave 

switches greater than an 8x8 size because they use substrates of limited size,. The 

interconnection o£ several small switches to construct a largo switch is also. 

impractical because of the bulkiness of optical fiber harnesses. 

TS0000294 
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¯ An advantage of a f~ee-space optical switching system is that it can exploit the 

non-interfer’enceproperty of optiCal’signals to switch a large number of optical ports. 

¯ The two most c~mmon mechanisms for bea__m steeringin this c.lassof devices are 

diffraction and mechanical steer!~g... ~. 

For mechanical beam steering devices, a good deal of development effort 

appears to be concentrated on mirrors using micro, electro mechanical systems 

0ViF.~). Several devices being manufactured, commercially, such as.the Lambda 

RouterTM fromLucent Technologies, Inc. 

Another mechanical approach that has received considerable attention is the 

use of micro-"bubbles", such as in the 1~13565A "32 x 32 Photonic Switch", 9ffered by 

Agilent Technologies. !n a micro-bubble system,~ the index of refraction of a     .. 

transmission media is modified by mechanically moving a microsoopi~ bubble in the 

medial 

20 

25 

30 

" :" Disadvantages of a MP_NIS-based switch include limitations relating to 

mechanical, thermal and electrostatic stability. A MEMS-based.switeh typically 

requires continiaous adaptive alignment tO maintain a connection and its reliability is a 

function of that adaptive alignment. Another disadvantage of’the MEMS-based 

switch is its optics, which typically require highly collimated optical paths, usually 

employing microlenses that eannof significantly dit~act the light bean~ 

In diffractivesteering,, an optical signal is redirected using a phase hologram, 

also known as a grating or a diffraction pattern, recorded on a spatial light modulator. 

Several materials have been proposed for use in such systems, including HI-V 

semiconductors such as InCmAs/InP, and liquid crystal on silicon systems (LCOS). 

One advantage of using direct-gap semiconductors is.the ease with which active 

optical components, such as lasers and Optical amplifiers, can be incorporated into a 

circuit, thus allowing the possibility of signal boosting at the switching stage~ A 

disadvantage of such materials is the cost and difficulty of large-scale manufacturing. 

3 
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s~Y OF THE INVENTION 

I0 

15 

20 

It is an obj ect Of the present invention to provide an improved optical 

component having a variable phase state. 

It is another object of the present invention to employ such .a component in an 

optical switch in which a plurality of’the, components are configured in an array ffor 

’ phase modulating light in order to steer the fight, from an input port to an output port 

-by diffraction. 

It is yet another object of the present invention to provide such a switch in 

which the arrayoff phase modulating components and the parallel processing 

capability are both carried on the same substrate. 

It is a further object of the present invention to.provide such a switch in vc~ch 

the circuit computes a reconfigurable phase pattern or.hologram to optimize the 

performance of the switch by reducing optical, losses, and to minimize the quanta of 

optical signal falling into adjacent channels, i.e. crosstalk. 

It is yet a further object ofthepresent invention to provide such a switch in 

which a hologram routes light from a single input port to a single output port, or from 

a single input port to multiple output ports, i.e., multicasting, or from multiple input 

ports to a single output port, i.e., inverse-multieasting. 

25 

30 

These and other objects of the present invention are provided by an electro- 

optical component in accordance With the present invention. One embodiment 

provides an electro-optical component comprising (a) a substrate, (b) a phase-variable 

element carried on the substrate, (e) a memory carried on the substrate for.storing data 

¯ representativeoff a phase state for the. phase-variable element; andi(d) a controller 

carried on the substrate, for utilizing the data and settingthe phase state for the 

element. Another embodiment provides an eleetro-o ~tical component comprising (a) 

4 
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a substrate, (b) a phase-variable element carried on the subStrate’ and (e) a circuit , 

carried on the substrate for computing a phase state for the phase-variable element. 

DESCRIPTION OF THE DRAWING.S 

Fig. 1 is a schematic representation of an optioal switch in accordance with the 

present invention. 

10 

Figs. 2A and 2B are schematic representations of alternate embodiments of 

optical switches in accordance with the present invention 

Fig. 3 is an illustration showing a relationship between a hologram and its 

replay field. 

15 Fig. 4 is a side-section view of a spatial light modulator, as used in an optical 

switch in accordance with the present invention. 

20 

Figs. 5A- 5C are illustrations of various arrangements ofone or more phase~ 

variable elements and circuitry on a substrate. 

Fig. 6 is a flowchart of an algorithm for generating a hologram by projection 

of oonstraints. 

25 

Fig. 7 is a schematic representation of an optical switch in accordance with the 

present -invention. 

DESCRIPTION OF ~ INVENTION 

30 

An embodiment of the Present invention provides for. an electro-optical 

component comprising (a) a substrate, (b) a phase-variable element carded on the 

substrate, (b)a memory Carried onthe substrate for storing data representative of a 

phase state for the phase-variable element; and (d) a"c0ntroller carded on the 
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Substrate, for utilizing the data and setting the phase state for the phase-variable 

element. The component can be employed in an optical switch to direct light from a 

first port to a second port. 

5 

10 

15 

20 

Another embodiment of the present invention provides for an electro-optical 

component comprising(a) a substrate, (b) a phase-variable element carried on the 

substrate, and (e) a circuit carried on the substrate for computing a phase state.for the 

phase-variable element. This component can also be employed in an optical wc~i_’teh to 

direct light f~om a first port to a second port. 

In another embodiment, the optical switch includes (a) a substrate, (b)a. liquid 

crystal carried on the substrate; and (c) a circuit carried on the substrate for computing 

a hologram and controlling the liquid crystal to produce the hologram to direct fight 

from a first port to a second port..                         " 

. The optical switch uses a dynamic beam steering phase hologram written onto 

a liquid crystal over silicon (LeO.S) spatial light modulator (SLM). A phase 

hologram is a transmissive or reflective element that changes the phase of fight 

transmitted through, or reflected by, the element.~ A replay field is the result of the 

phase hologram. The LCOS SLM produces a hologram, i.e., a pattern of phases, that. 

steers light by diffraction in order to route the light from One or mo{e input fibers to .. 

one or more output fibers. 

The holograms produced on the SLM may appear as a one-dimensional or 

25 _ ¯ two-dimensional image. Accordingly, the image elements, whether transmissive or 

~eflective, are sometimes referred,to as "pixels", i.e., picture elements. 

30. 

Fig. 7 is a schematic representation of an optical switch 700 in accordance 

with the present invention. The principal elements of switch 700 include an input port 

705, a spatial light modulator (SLM) 715, and a plurality of output ports 725A, 725B. 

and 725C~ A first lens 710 is interposed between input port 705 and SLM 715, and a 

6 
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second lens 720 is interposed between SLM 715 and output ports 725A, 72513 and 

72512. 

10 

15 

25 

Light from input port 705 is cast upon lens 710, which collimates the fight and 

projects it onto SLM 715. The light travels through SLM 715 and onto lens 720, 

- which focuses the light onto one or more of output ports 725A, 72533 and725C. A 

hologr_a.m produced on SLM 715 directs the lightto one or more of output ports 725A, 

725B and 725C. In Fig. 7, the light is shown as being directed to output port 725A.. 

sLM 715 is an electro-optical component that includes a substrate 730 upon 

which is carried (a) an element, shown in 17ig. 7 as one of an array of elements 735 

and (b) a circuit 740. Elements 735 have a variable phase. That is, the phase, i.e., 

time delay, of light propagating through elements 735 can be varied. When the phase 

of light propagating through an element 735 is varied relative to the phase of another 

element 735, the light forms an interference pattern that influences.the direction in 

which the light travels, as is well known in the field of optics. Thus, by controlling 

the rdative phasing, the light can be directed to a desired target. Liquid crystal is a 

suitable material for elements 735. Liquid crystal is conventionally provided in a thin 

film sheet, and as such, individuals of elements 735 would-correspond to regions of 

the liquid crystal rather than being discrete, separate, Squid crystal elements. 

Circuit 740 sets the phase states for elements 735 for directing the light’from 

input port 705 to output port 725A. That is, a hologram is produced b~ elements 735. 

Optionally, circuit 740 also computes the hologram. In Fig. 7, the result of the 

hologram, causes a point of light intensity at output port 725,6,. 

30 

Fig. 1 is a schematic representation of an optical switch.100 in accordance 

with the present invention. The principal components of switch 100 include a fiber 

array 115, an SLM 105, and a lens 110 interposed between fiber array 115 "and SLNI 
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5 

¯ Fiber array 115 has afirst port 120 and a second port 125. Light entezs switch 

100 via first port 120 and proceeds to lens 1i0, which is, for example, a Fourier lens. 

having a positive focal length. Lens 110 collimates the light. From lens 110, the light 

is projected onto SLM105. The light is reflected by SLM !05(and travels via lens 

110 to second port 125. As explained below, a hologram produced on SLM 105 

steers the lightfrom first port 120 to second port 125. 

10 

15 

20 

25 

SLM 105 is an electro-optical compon?nt that includes a substrate 130 upon 

which is disPosed (a) areflective element, shown in Fig~ 1 as one of an array of 

reflective elements 135, and (b) a circuit 140 underneath and around reflective     " 

elements 135. Reflective elements 135. have a variable phase state That is, the phase, " 

i.e., time delay, of.light reflected by reflective elements 135 can be varied. When the 

light is reflected by two or more of reflective elements 135, the iight forms an 

interference pattern that influences the direction in which the light is reflected. As the 

phase state of an individual reflective element 135 is .variable, it can be altered 

relative to the phase state of other reflective elements 135 to control the direction in 

which the fight is reflected.. A practical embodiment of array reflective elements 135 

can be realized by employing a liquid crystal over an array of mirrors. 

Circuit 140 controls the phase state, i.e., hologram, for reflective elements 135 

to control the direction in which the light is reflected. Optionally, circuit 140also 

computes the hologram. The result of the.hologram is projected on fiber array 115, 

with points of intensity at one ormore ports in fiber array 115. In Fig.. 1 the light is 

¯ Shown as being directed from first port 120 to second port 125, however, in terms of 

functionality, first port 120 and second port 125 are preferably ~acha hi-directional 

input/output port. 

30 

Fig. 2A is a schematic representation of an optical switch 200 configuredwith 

two SLMs 210 and 215, to provide a greater number 0f ports than that of the 

configuration in Fig. 1. Switch 200 also includes a first fiber array 205, a second fiber 

8 
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First fiber array 205 arid second fiber array 220 are each an array ofbi- 

directioriM fiber ports. Lens array 225 is a series of refractive optical elements that 

transfer one or more optical beams through switch 200. 

5 

10 

Input signals inthe form of light beams or pulses are projected from one or 

more ports in first fiber array 205, through one or more lenses of lens array 225 onto 

SLM 210. SLM 210 produces a first routing hologram that directs the light through 

one or more lenses of lens array 225 onto SLM 215. SLM 215 produces a second. 

routing hologram that directs the light through-one or more lenses Of lens array 225 

onto one or more ports in second fiber array 220. 

15 

. SLMs 210 and 215 each havo an array ofphase-variablo reflective elements on 

its Surface to produce reconfigurable phase holograms that control the deflection 

angle of a beam of light. Thus, fight from any port of first fiber array 205 can be 

selectively routed to any port of second fiber array 220, and vice versa. 

20 

25 

Switch 200 accommodates fiber arrays of a substantially greater dimension 

than that of typical prior art swi~tches. For example, first fiber array 205 and second 

fiber array 220 may each have 1000 poRs.         "                       ~ 

The optical configuration of switch 200 influences the distribution of the 

pixels on each of SL1VIs 21Oand 215, and the manner in which a hologram is 

generated thereon. For example, the optical configuration influences the size of the 

region on each of SLIVIs 210 and 2!5 onto which the light is projected~ 

Fig. 2B is a schematic representation of an optical switch 250 in another 

embodiment 0£the present invention. Switch 250 includes an input/output fiber array 

230, a lens 235, e.g~, a l~ourier transform lens, an SLM 240 and a reflector 245.     , 

30 Light from a first port 232 of input/output fiber array 230 is projected through 

lens 235 onto a first region 242 of SLM-240. SLM 240 produces a first hologram.in 

first region 242 that. directs .th~ light to reflector 245, which, in turn, directs ttie light 

9 
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to a second region 247 of SLM 240. SLM 240 produces a second hologr_am’in second 

region 247 to direct the light through lens 235 and.onto a selected second polt234 of 

i.nput/output fiber¯ array 230.                                   . . 

5 

10 

20 

Referring again to Fig. 2A, the architecture in Fig. 2A can be made tomimic 

that of Fig. 2B by "folding" switch 200 about a central point.. That is, the architecture 

of Fig. 2A approaches that of Fig. 2B by placing a mirror at the central point so that 

first fiber array 205 and second fiber array 220 are s~de by side, and SLM 210and 

SLM 215 are side by side.                                            .- 

Fig. 3 is an illustration showing a relationship between.a hologram and its 

replay field as can be-provided by the optical switch of the present invention.... 

Referring again to Fig. 2A for example, a reconfigurable phase hologram 305 .is 

situated at a Fourier plane, e.g., on the array of phase-variable reflective elements at 

the surface of SLMs 210 and 215. In the preferred embodiment,, phase hologram 305 

is written into, that is, programmed in_to, the reflective elements to provide phase-only 

modulation of’the incident fight. The reflective elements diffi, aet the light from first 

fiber array 205 to produce phase hologram 305. Ai%er a Fourier tran.~form of the 

hologram, a resulting diffi’acted.pattern, also known as a replay field 310, is produced 

at second fiber array 220. 

25 

30. can be used for wavelength division multiplexing (WDM). 

Note that.replay field 310 shows 16 points ofhght. Fig: 3 illustrates a.feature 

of the present invention called multieasting. In a multioast, one input port is coupled 

to two or more output ports, i.e., simultaneous routing of light from one. input port to a 

plurality of output ports. This can be done with a hologram that generates multiple 

peaks, as shown in replay field 310, rather than a single peak. Fig. 3 shows an 

example era 1 to 16 multicast hologram In a similar fashion, the same set of 

holograms can also be used to route ¯multiple input ports to a single output po~ 

referred to as multiplexing, provided that the inputs have different wavelengths~ This 

TS0000302 
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Fig. 4 shows a cross section of an exemplary, sLM 400 in accordance with the 

present inveiafion. The principal features, of SLM 400 are a substrate ¯410 that carries 

(a) a silicon die 405 containing a circuit 406, (b) an array of mirrors 407, and (c) a 

liquid crystal element415, which has a variable phase state. In Fig. 4, SL1V1400 is ¯ 

configured to show liquid crystal element 415 positioned upon array of mirrors 407, 

which ispositioned upon circuit 406.. ¯However, .any convenient arrangement of these 

components is contemplated as being within the scope of the Present invention. ’ 

The phase shift of light through liquid crystal elemen~ 415 is varied, or set for 

a specificvalue, by applying an electric field across liquid crystal dement 415. 

Circuit 406 controls the phase state of liquidcrystal element 415 by applying voltages 

to the array of mirrors 407 and thus developingthe elech-ic field across liquid crystal 

dement 415. In practiceeach mirror 407 influences the phase state era region of - ¯ 

liquid crystal element 415 to which themirror is adjacent. Thus, circuit 406,controls 

.the phase state era plurality ofr’egions of liquid crystal dement 415 by controlling 

the individual voltages applied to each of mirrors 407. 

20 

25 

30 

¯ Circuit 406 executes the processes described herein, and it may include one or 

more subordinate circuits for executing portions of the processes or ancillary 

funeti0ns. In one embodiment of the present invention, circuit 406 includes a 

memory for storing data representative of a plurality of configurations of phase state 

for liquid crystal dement 415, and a controller for utilizing the dataand setting the 

phase states by applying signals to mirrors 407. Such data can be determined by an 

external system in a calibration procedure during manufacturing of SLM 400,or 

during manufacturing of an assembly in which SLM 400 is a component. The 

external system computes.the phase states, and thereafter, the data is written into the 

memory of circuit 406. In another embodiment, circuit 406 includes a processor and 

associated memory for storing data in order to.compute the phase states locally, and a 

controller to Set the ~hases states by applying signals to mirrors 407. 

11 
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path conductor for signals from circuit 406 via bond-wires 425. 

PCT/US01/16174 

SLM 400 also includes, on top of liquid crystal elements 415, a glass co~rer 

Glass cover 420 has a layer 435 o£Indium TinOxide (ITO) to provide a.return 

5 On the optical side of SLM 400, the_array of mirrors 407 allows for steering of" 

a light beam by producing a hologram using v .m-iable phase liquid ~rystal elements 

415. In cirbuit 406, the.following functionalities can be implemented: 

10 

15 

20 

25 

¯ DC balance schemes inciuding shifting and scrolling; 

¯ Algorithms for reconfigurable beam steering and hologrern generation; 

¯ Generation ofmulticast hologram patterns; 

¯ Hologram t~ming for crosstalk optimization; 

¯ Hologram tuning for adaptive port alignment; 

¯ Phase aberration correction; and 

- ~ Additio..nal processing of various.network traffic parameters. 

Figs. 5A - 5C illustrate several viable arrangements of phase-variable elements 

and circuitry on the SLM of the p.resent invention. Fig. 5A illustrates a die-based 

arrangement with a substrate 505 carrying circuitry 510 around and/or underneath an 

array of phase-variable elements 515. The array of phase-variable elements 515 is 

partitioned into several subsets of phase-variable elements (515A, 515B~ 515C and 

515D), each operating as an independent SLNL Fig. 5B shows a substrate 519 

carrying several groups of components, Damely, circuitry 520A, 520B, 520C and 

520D, and an array of phase-variable elements 525A, 525B, 525C and 525D, 

respectively. Fig. 5C shows an individual phase-variable element 535 and circuitry 

530 for controlling phase-variable element 535. 

30 

In Fig. 5A, circuit 510 controls the operation of the full array of phase-variable. 

elements, that is,~ each 0£515A, 515B, 515C and 515D. Fig. 5A illustrates an " 

arrangement in which t’our holograms can be simultaneously produced, i.e., one for 

each o£subsets 515A, 515B, 515C and 515D. Circuit 510.computes"a first phasestate 

for subset 515A to direct a first light beam from a first port to a second port, and ¯ 

12 
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10 

15 

20 

’ computes a second phase state for subset 515B to direct a second light be_am from a 

third port tea fourth port. Similarly for subsets 515C and 515D, circuit computes 

respective phase states for routing of a third light beam and a fourth light beam. 

Because the phase states of the individuals in the arrayphase-variable elements 515 

are individually reeonfigurable, circuit 510 can determine which of phase-variable 

dements 515 are members of the first subset 515A, which of phase-variable dements 

515 are members of the second subset 515B, and likewise, which of phase-variable. 

dements 515 are members of the subsets 515C and 515D. In Fig. 5A, subsets 515A, 

515B, 515C a~d 515D cab be located adjacent to one another, or alternatively they 

can be spaced apart from one another by a region of substrate 505 that does not 

include any ph. ase-variable dements. 

An appropriate dimension for an array of phase-variable elements, i.e., pixds,. 

per hologram, is about 100 x 100 pixels for good Gausstan beam perforrnanee. " 

Accordingly, an array of 600 x 600 pixels provides for 36 holograms. However, the. 

present invention is not limited to any particular dimension for the array, nor is it 

limited to any particular number of phase-variable elements or any arrangement of 

phase-variable elements. Theoretically, some beam steering functionality can be 

achieved with as few as two phase-~tering elements, only one of which needs to have 

a variable phase. Furthermore, the phase-variable elements do not need to be 

arranged in an array, per se, as any suitable arrangement is contemplated as being 

within the scope of the present invention. 

25 

Referring again to Fig. 5B, a gap 526 is a legion.of substrate 519 that does not 

¯ include any phase-variable elements. Gap 526 is located between phase,variable 

elements 525B and 525D, and thus prevents crosstalk between the holograms of 

phase-variableelements 525B and 525D. 

The arrangement shown in Fig. 5A can deal with crosstalk in a manner 

different from that of Fig. 5B. In Fig. 5A, pixel subset 515A includes a region of 

pixels 516A upon which a hologram is produced. Pixel subset 515A also includes a 

~ubset of pixels 517A positioned along a peripheral edge of subset 516A_ Subset 
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517A is thus a.buffer region for p~eventing erosstalkbetween the hologram of subset 

515A, and the holograms of subsets 515B and 515C.                       . 

10 

Also; as those skilled in the art will appreciate, a hologram is shiR invariant, 

that is the same.replay field is generated for any shifted position of the hologram. 

Thus, as a fm-ther improvement, the phases of the pixels in subset 517Aare set by 

cir~axit 510 to take advantage of the shiR invariant property of the hologram such that 

a misali~t~nment of the light beam incident on subset 515A will nevertheless produce 

the desired hologran~ Therefore, provided that the misalignment is within a 

predetermined tolerance, i.e., such that the incident light falls within the bounds of 

subset 515A, the hologram is produced notwithstanding a misalignment.of the light ¯ 

from an input port. 

15 
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25 
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To take further advantage of the reconfigurable capability of-the optical 

switch, circuit 510 receives a signal that represents whether light is bein~ directed to 

particular port. This feature enables circuit 510.to perform an adaptive optical 

alignment, where circuit 510 receives an input signal indicating that the iigfit is to be 

directed from a first port to a second port. Circuit 510 locates the Second port and 

then optimizes the hologram to minimize switch’loss and crosstalk. :For example, 

assume that pixel subset 515A is selected to direct light.from the first port to the 

second port..Circuit 510 determines a position of the second port by successively 

reeomputing the phase state for pixel subset 515A to successively rddirect the light~ 

and by successively evaluating the signal to determine whether the light is aligned 

with the Second port. 

A hologram can be calculated to route light to any position in the.replay field.:=-.. :. 

Hence, there are more positionsto which the light can be routed in the replay field 

than there are pixels in the hologram. A hologram can be designed with. a higher 

resolution replay field than the original hologram, cleating a near continuous, number 

o~possible port positions at the output. This means that ira hologram, at first, directs. 

light such that the light, slightly misses a desired port, the-hologram can be tuned, or . 

adjusted so that the desired port is hit and optimum coupling is ac.hi’~ved 
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For" example, circuit 510 computes a routing hologram for a port and then 

adjusts the hologram to minimize crosstalk. .Thus, in a case where light is intended to 

be directed to a particular second port, circuit 510 computes the phase state for phase- 

variable elements 515 to minimize a level of stray light directed to ports other than-the 

particular second port. Circuit 5 l0 gradually changes the state of a few holograms. 

.and monitors a signal that indicates whether.light is being received bY ports other than 

the intended second port. Circuit 5 I0 selects an appropriate hologram so that noise 

introduced by crosstalk into ports other than the intended second port is reduced. 

The reconfigurable capability also permits for compensation for misalignment 

of the light beam projected onto an SLM from an input port. Circuit 510 determines a 

subset of phase-variable elements upon which the light from a first port is incident, 

and also determines a position of a desired second port to which the light is to-be 

routed, and computes a suitable hologram to achieve that routing. That is, circuit 510 

relocates the position of the hologram about a small area to aid in the alignment 

process. For example, in Fig. 5A, assume that in subset 515A a hologram is ideally 

produced by subset 516A, but the input beam is instead.incident on subset 518A, 

Consequently, the level of light directed to the output pert’is lower than the optimum 

level. Accordingly, circuit 510 computes the phases of the pixels in subset 5174, so 

that the hologram is produced by the dements of subset 518A, and thus the coupling 

of light from the input port to the output port is improved. ,In the computation; the 

circuit also considers parameters such as signal loss, erossta~k, and wavelength. 

Cirouit 510 also adaptively alters the hologram to control the deflection of a light 

signal to minimizefiber to fiberinserti0n loss.                ’ 

An important consideration when operating a liquid crystal device is DC 

balancing. DC balancing ensures that the liquid crystal material is not subjected.to a 

net DC electric field for more than some predetermined period of’time, for example1 

or 2 minutes, before the field is reversed and DC balanced. For root-mean-square 

(RMS) responding liquid crystals such as nematics, DC balanoing is inherent in an 
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applied AC field, but for liqhid crystals such as ferroele~rics, DC balancing is more 

difficult, as reversingthe field reverses the orientation of the molecules. 

10 

15 

25 

A port to port cormection may be continuously maintained for a long period.of 

time. That is, minutes, days, months or, in a case of a protection or latency switch,. 

years. Good design practice permits a maximum allowable disturbance to the power 

through the switch of O. ldB; hence frame inversion schemes cannot be used. On the 

other hand, because a hologram is shift invariant, the same replay field is generated... 

for any shifted position of the hologram. 

Circuit 510 employs a shifting and scrolling scheme using the invariance 

property of the hologram to perform DC balancing.. Ckcuit 510 gradually shi~s the 

hologram, changing the average state of the pixels, so that over several hundred .: 

frames, the net field is zero. Thus, circuit 510 balances the electric field across the 

¯ liquid crystal elements to yield an average value-of.approximately zero volts. DC 

balancing must avoid changing too many pixels in the hologram.at each t~ame update. 

Accordingly, the image is only partially shined, in sections, to avoid a glitch of more 

then 0. ldB per frarae change.                                               " 

Referring for example to Fig. 5A, each phase-variable element 515 has a series 

of interconnected paths defined within circuit 510 that dictates how the hologram 

pattern will be scrolled over multiple frames2 ¯ In one embodiment the scrolling 

sequence depends on hardwire connections in circuit 510. In analternative       : 

embodiment, a programmable scrolling system permits, variable connections between . 

the pixels such that each pixel can be changed to allow different scrolling schemesto. 

be.implemented to suit a particular application of the switch. 

3O 

The present invention can employ any suitable hologram design algorithra, for 

example including, but not limited to:                                      ~. 

(a) direct calculation from a blazed grating or Bragg diffi-aetiv0 angle, 

(b) direct calculation, from a quantized ideal phase profile, 

(c) optimization by direct binary search, ..... ~i 
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(d) optimization by simulated ~n~ealing (BoltT.mann annealing), 

(e) optimization by a genetic algorithm, and 

(f) optimization by constrained projection (Gerohberg-Saxton). 

10 

One technique for determining a hologram!s by direct calculation from a 

quantized ideal phase profile. The ideal phase profile is obtained from the inverse 

Tourier transform of the replay field. The continuous phase profile is ~hen quantized 

to the limited set of phase levels available. 

A hologram can be calculated directly from the desired replay field via a 

Fourier transform, however the resulting hologram is a complex function of both 

amplitude and phase, The hologram h(x,y) is matched to the replay field H(u,v) via a 

Fourier transform such that: 

20 

25 

Once a hologram has been generated it can be evaluated by considering the " ’ 

loss to the routed port and the erosstalk to the urn-outed ports, as well as therange of" 

wavelengths that can be routed for lesstb~n_ a 0. ldB loss variation.. If the abov~noted 

hologram is used, then the performance will be’optimized in all respects. However, 

there is currently no technology capable of displaying this hologram in a real switch. " 

and therefore it must be quantized. The hologram can be represented as having an .. 

amplitude and phase component.                       .. 

An efficient hologram can be m_ a_de by using just the phase information, as the 

amplitude doesnot contain much Useful information for simple holographicreplay 

fields. The present invention may use a phase only hologram: 

H~,o (u, v)= e~C".’) 
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For a single port routing hologram, the information in the replay field, i.e., just 

one. spot, is closely related to phase function, which means that the phase only. 

quantization required for liquid crystal.technology is very robust. The continuous 

structureofthe phase, hologram, � (g,v) means that it cannot easily be displayed in.an 

optical system using current.S.LM technology. There are techniques that can be used. 

to display either 4-1evelor 8-level phase only holograms, therefore the technique used 

to quantize the phase to those number of levels is very important.. 

10 

15 

2O 

25 

3O 

The benefits.,ofusing multi-level phase are significant, especially in terms of 

loss and crosstalk. A binary phase hologram can only have a maximum efficiency of 

41%, i.e., insertion loss of 4dB, due to the symmefi-y that must be satisfied in,the 

replay field. It is impossible to generate an asymmetric replay field with binary 

phase, hence half the fight will always be wasted in the symmetry. If4 levels of 

phase are used, then the attainable efficiency increases to 87% due to the breaking, of 

the symmetry in the replay field, however, because of the structured noise generated 

by the 4-level quantization process, the crosstalk may not yet be ideal. 8-level phase 

modulation is preferred, as it allows a maximum efficiency of 93% and also g~nerates 

much less stru~re in the noise, due to the lower degree of quantization required. 

Another technique of displaying a hologram in a polarization insensitive 

manner is to use an FLC SIAVI to generate a binary phase hologram.. A binary phase 

hologram can be generated by optimization, by direct calculation or by quantization 

of the.phase on~y hologram. The technique of quantization most be chosen carefully 

to prevent .sever distortion of the hologram replay field. The binary phase is selected 

from the phase only hologram by two thresholds 8 z and 8 2. The thresholding is 

done such that: 
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The selection of the two boundaries is by exhaustive searching, as it depends 

on the shape and structure of the desired replay field. The benefits of this search 

process are not significant and it is only likely to improve the performance by a few 

percent. A safe threshold that provides consistent results is 8~ = =zr,/2, 8z = zr/2. More 

sophisticated thresholding techniques such as eonvolutional kernels and adaptive 

thresholds also give good results. 

10 

The hologram can be determined by direct calculation from the Bragg angle. 

A beam steering hologram for a single port.can be modeled ideally as a Bragg grating 

of pitch dthat generates a diffracted beam at an angle 0 such that. 

Sin 0 = md/2 

15 

20 
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where m is integer diffi-acted order and is usually set at rn = 1. The Blazed grating 

that is required to generate this angle is difficult to generate using a liquid crystal 

modulating technology due to its continuous phase profile, A quantized 

approximation of this blazed grating must be producedto generates feasible routing 

hologram. This quantization algorithm can be incorporated into the ekc.uit of the 

present invention. 

A quantity ofnpixe!s on ~he hologram can be combined to generate an 

approximation to a blazed grating. This process is fairly accurate and straightforward 

for a multi-level phase hologram, but is not so simple for a binary approximation: For 

a given n pixels per period, there are hundreds of combinationsof pixels that will.give 

similar routing performance to the desired port, but different noise fields and therefore 

different crosstalk _values. 

The present invention can compute a hologram using optimization by 

.~imulated annealing or direct binary search 0DBS). There is no simple way of 

generating a hologram for other than simple eases such as gratings and checkerboards. 

In order to create a hologram that generates an arbitrary replay field, a more 

sophisticated algorithm.is needed, especially if more advanced features such as 
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crosstalk and multicasting are considered. To achieve this, the present invention uses 

optimizati6n techniques such as simulated annealing, or DBS. 

’ The technique of DBS involves taking a hologram of random pixel values and 

ealcuiating its replay field. The technique then flips the binary value of a.randomly 

positioned pixel and calculates thenew replay field. The technique then subtracts the 

two replay fields from the target replay field, sums the differences to form a cost 

function for the hologram before and after the pixel, change. I£the cost function after 

the pixel has been flipped is less than the cost function before the pixel was flipped, 

10 then the pixel change is considered to be advantageous and it is accepted. The new 

cost function is then used in comparison to another randomly chosen flipped pixel. 

This process is repeated until no further pixels can be flipped to give an improvement 

in the .cost function. 

15 The procedure for direct binary search is summarized as follows: 

20 

25 

30 

(1) 

(2) 
(3) 
(4) 

(5) 
(6) 

(7) 

(s) 

(9) 

(lO) 

Define an ideal target replay field, T (desired pattern). . 

Start with a random array of binary phase pixels. 

Calculate its replay field (FT), tto. 

Take the difference between T and H0 and then sum up to make the first 

cost, Co. 

Flip a pixel state in a random position. .. . 

Calculate the new replay field, I-I1. : 

Take the difference between T and HI, then sum uP to make the second 

cost, C1. 

If C0 < C1 then reject the pixel flip and flip it back. 

If Co > C1 then accept the pixel flip and update the cost Co with the new 

cost C~. 

Repeat steps 5 through 9 until IC0 - C~l reaches a minimum value: 

More sophisticated techniques are required to fully exploit the possible 

combinations ofpixel valuesin the hologram. One such algorithm is simulated 
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_annealing, which uses DBS, but also includes a probabilistic evaluation of the cost 

function that changes as the number of iterations increases. The idea is to .allow the 

hologram to ’float’ during the initial iteration, with good and bad pixel flips being 

accepted. This allows the optimization to float into a more global minima rather than 

resulting in a local minima as is the case with DBS. 

An alternative technique for optimizing a hologram is to ~se the Genetic 

Algorithm (GA), which will converge to multiple solutions much quicker, than DBS 

and simulated annealing. The GA is based on real evolution in biological systems, 

often referred to ’survival of the fittest’. The concept behind the GA is to use a 

controlled mutation to evolve a generation of solutions ~zad then select the .best to be ¯ 

further mutated towards an optimal family of solutions. The GA can .be implemented 

at the pixel level in the present invention_ It. also advantageously generates a whole 

family of optimal solutions, which could provide diversity in crosstallr and 

wavelength performance. 

In the GA, membersof a next generation are selected based on a probability 

proportional to their fitness. The expectation is that this process will eventually 

converge to yield a population dominated with the global maximum of fitness 

function. The algorithm typically starts with a pool of randomly generated arrays. It 

then evaluates the cost function, which is based on the mean square error, associated 

with each of these and discards those with worst cost value. It then randomly takes 

¯ two of the arrays out of the remaining pool and uses them as parents. An offspring is 

created by randomly mixing the values from each parent. This offspring is then 

randomly altered, i.e., mutated, and a new cost function is evaluated. The above steps 

are repeated until no further improvement in thecost function can be detected. The 

aim of the design is to produce a desired target function g’ at the output plane. The 

cost function, which is a measure of the fitness of the final result, can be defined as: 

30. c--{Igi2-I,g,12} 
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where g is the calculated output and g’ is the desired target function or replay field. 

The aim of optimization is tOmlnimize the cost function and obtain a solution as close 

as possible to the desired target. 

.10 

Different schemes can be used for the mutation and crossover. For instance, a 

straight method of breeding would entail splitting the parents at random points and 

then splicing them to obtain the offspring. However, alternative methods can be used 

in order to utilize the whole area of parents. Alternative approaches can alsobe 

appliedto the mutation process, such as random pixelchanges e~ch cycle, e.g., for a 

binary case this would be changing a I to -1. Alternatively they can be done based on 

a probability where the mutation probability can be set to: 

p = pc(I/IT)" 

15. 

2O 

25 

3O 

Where r and Pc are parameters that depend on algorithra; and ITis the number of 

iterations. The number of bits to be mutated is determined by mutation probability 

multiplied by size of the object function:                          _-. :~.. 

N,,~o,, = p x iV 

In practice the bit to be mutated is also chosen randomly. The process is summarized 

as follows: 

O) 

.-(2) 

(3) 

(4) 

Start - select a random population of M member functions and evaluate 

their cost; 

Reproduce - select L (’L<M’) samples with lower values of" cost function, 

and discard the rest;. 

’ Crossover - make crossover between the L seeds to produce¯ M-1 

offspring; 

Mutation - mutate the offspring by randomly changing the phase of . 
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Evaluation - evaluatethe cost function for-the new offspring; and 

Iteration - iterate steps (2) through (5) until the value of the cost fimction 

can not be ~edueed. 

5 

15 

-More sophistic.ated algorithms such as projection of constrained sets, also- 

known as the G-erchberg-Saxton algorithm, can also be used to generate holograms. 

This algorithm operates.on an entire hologram array, however it is a fairly complex 

mathematical process and involves the use of the fast Fourier tran.~form 

Assuming anopfieaI System.with an illumination profile ofL,(x,y) = a~(x,y), and also 

assuming a desire to generate a phase only hologrem g/(x,y), then in the replay field of 

the hologram there is a desired intensity distribution It,(u,v) = b2(u,v) with an 

associated phase of qb(’u,v), which isusually left as a flee parameter in the itemtive 

process. The process begins with the specification of the desired distribution b(u,v) 

and an estimate of qJ(u,v). 

Fig. 6 is a flowchart of an algorithm for generating a hologram by projection 

of constrained sets. The algorithm begins with step.605. - 

In step 605, the algorithm sets the desired output replay’field magnitude, b, as 

well as an initial replay field phase profile, # which may be generated randomly. 

Thereafter, the algorithm progresses to step 610. 

25 

30 

In step 610, the algorithm computes a value for the complex replay field, 

from b and 4. Thereafter, the algorithm progresses to step 615. 

In step 615, the algorithm computes the fast.inverse fourier transform 

of the complex output optical field to obtain a value for the hologram plane complex 

optical fielcl, £ Thereafter, the algorithm progresses to step 620. 

In step 620, the algorithm extracts the phase profile from the hologram plane. 

complex optical field and based, on.the quanfization levels availablo in th0 holograrr~: 
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5 

calculates a quantized phase profile W. Thereafter, the algorithm progresses to step 

625.                                                           ’ 

. Instep 625, the algorithm computes a new value for the hologram plane 

complex optical field, f~ based on the quantized phase profile. Thereafter, the 

algorithm progresses to step 630. 

10 

20. 

25 

30 

In step 630, the algorithm.computes thefast fourier transform (EFT).ofthe 

hologram p!ane complex optical field to obtain a new value for complex optical relay 

field, F’. Thereafter, the. algorithm progresses to step 635. 

In step 635, the algorithm extracts the magnitude of the replay field and 

.compares it with the desired target b. If the difference between the replay field 

magnitude and the desired target is less than a pre-determined value, then the 

algorithm progresses to step 640, otherwise thealgorithm extracts a new value for the - 

phase profile ~b, and loops back to step 610, for another round ofoptimizati0n. 

In step 640, the algorithm .terminates. 

The iterative process of Fig. 6 is defined by the two constmiuts in the system. 

The replay field constraint is to generate thedesired intensity distribution Ib(u,v) and 

the constraints in the hologram plane are both the input illumination I,,(x,y) and the ¯ 

restrictions on the phase only hologram g(x,y) due to the required phase quantization, 

e~g., binary, 4-level phase, or 8-1evel phase. 

In a practical optical implementation of _an optical, switch, there are several 

tradeoffs that must be made between switch performance, optical componentry and ¯ 

opto-mechani~s. An example of this is the phase term generated when an object is not 

placed in the focal plane era Fourier ~ransform lens. /_fan object, such as a hologram, 

s(x;y) is placed a distance d from thefocal plane 0f a positive lens witha focal length 

f, then a: spherical~ 9hase error term is added to the Fourier transform of the object: 
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The spherical phase term denoted by the exponential term in the fraction of 

this equation can lead to aberrations in the rest of the optical components as well as 

poor launch efficienGy into the fiber at the output. However, this phase error can be ¯ 

calculated or determined by optical simulation with either direct analysis or by using a 

ray tracing software ,package. Once the error is known, it can be incorporated into the 

hologram design alg0rithrn and the hologram can be made to compensate, and 

therefore correct, for the phase error. This phase error correction can also be " 

implemented within the circuit of the present invention. By including the phase error 

among the parameters processed by the circuit, the phase error can be evaluated as 

part of the hologram calculation algorithm. Accordingly, circuit 510 receives a signal 

that represents a phase error of light at an output port, and in response to the signal, 

Computes the phase state for the phase-variable elements 515 to correct for the phase 

error. 

The optical switch of the present invention can also arbitrate between selected 

output ports. Referring again to Pig. 5A, each ofpixel array subsets 515A, 515B, 

515C and 515D can be controlled to generate a routing hologram for any specified 

output port or, in the case of a multieast, any set of a plurality of output p~rts. 

Accordingly, circuit 510 contains the routing information.fo[.all possible routing 

configurations.. 

_ Circuit 510 receives an input signal, i.e. a port allocation signal, indicating that 

light is to be directed from a particular first port to a particular second port. Such a 

port allocation signal will originate from a source external to the optical switch. The 

external source may not necessarily be aware of all the port allocation assignments 

that have been sent to the optical switch. If circuit 510 receives a port allocation 

signal specifying a particular output port, and if that output port is already dedicated 
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to a different routing configuration, then a clash will occur unless arbitration is 

employed. In the case of a clash, Circuit 510 can take two possible courses of.action. 

(i) If there is a clash between Output ports, then circuit 510 will provide a 

flag or other output signal indicating that a port contention has occurred. 

An upper layer of a networkcontrol structure can use this output signal. 

(ii) If a clash occurs, then circuit510 re-routes the fight to an alternativ.o 

unused output port, i.e., a third port. Circuit 510 will also issue an output 

signal indicating that the re-routing has occurred. An upper layer of a 

network control structure can use this output signal. 

15 

It should be understood that various alternatives and modifications can be 

devised by those slcilled in the art. The present invention is intended to embrace all 

such alternatives, modlfieations and variances that fall within the scope of the 

appended claims. 
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WHAT IS CLAIMED IS:- 

1. An electro-optical component comprising: 

a substrate; 

a phase-variable element carried on said substrate; 

a memory carried on Said substrate for storing data representativeof a phase 

state forsaid phase-variable element; and .                 : 

a controller carried on Said. substrate, for utilizing said data and setting said 

phase state for said phase-variable element. 

2. An electro-optical component compdsing: 

a substrate; 

a phase-variable clementcarded on said substrate; and             . 

a okcuit carried on said substrate for computing a phase state for said phase- 

variable element. 

3. An optical switch comprising:                                   ’ 

a substrate; 

gphase-variablo element carried on said substrate; 

a memory carried on said substrate for storing data representative era phase 

state for said phase-variable element; and 

a controller carried o.n said substrate forutilizing said data and setting said phase 

state.for said phase-variable element to direct a light from a first port to a 

second port. 

4. An optical switch comprising: 

a substrate;’ 

a phase-variable element carried on said substrate; and 

a circuit carried on said substrato for computing a phase state for said phase- 

variable element to direct a light ~om a first port to a second port. 

27 

TS0000319 



WO 01/90823 . PCT/US01/16174 

5. The optical switch ofcIaim 4, wherein said circuit sets said phase state £or 

said phase-variab!e element to direct a light £r0m a first port to a second port. 

6. The optical switch of claim 4, wherein said phase-variable element comprises 

a region of" a liquid crystal. 

7. The optical switch of claim 4, furtlaer Comprising a mirror carried on said ¯ 

substrate for reflecting saidlight through said phase-variable element. 

8. The optical switch of claim 4,         " :: :~~: " ~ ._. 

wherein said phase-variable element is one of a plurality of phase-variable. . 

elements carried on said sub ~s~rate, and. 

wherein said circuit computesa phase state for said plurality o£phase-variable 

elements to dire~t said light from ~aid first port to said second port. 

9. The optical switch o£ claim 8, wherein said circuit sets gaid phase state for 

said plurality of phase-variable elements. 

10. The optical switch of claim 8, wherein said plurality of phase-variable 

elements comprises a plurality of regions of a liquid crystal. 

11. The optical switch Of claim 1.0, wherein said circuit balances an electric field 

across said plurality of regions of said liquid crystal to yield an’average value of 

approximately zero volts.                   " " 

12. The optical switch of claim 8, wherein said second port is one of a plurality 

of ports to which said plurality of phase-variable elements can direct said fight, 

13. The optical switch of claim 12, wherein said circuit computes said phase 

state for said plurality of phase-variable elements to minimize a level of stray light 

directed to said plurality of ports other than.said second port. 
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" 14.-The optical switch of claim 12, wherein Said cir6uit computes said phase 

state for said plurality of phase-variable elements to simultaneously direct said light to 

another of said plurality of ports. 

15. The optical switch of claim 8, wherein said plurality of phase-variable 

elements is configured in an array..       " 

16. The optical switch of claim 8, wherein said plurality of phase-variable 

elements directs said fight by diffracting said light. 

17. The optical switch of claim 8, wherein said plurality of phase-variable 

elements directs said light by phase modulating said fight. 

18. The optical switch of claim 17, wherein said phase modulating produces a 

one-dimensional or two-dimensional image on said plurality of phase,variable 

elements. 

19. The optical switch of claim 8, wherein said phase state for said plurality of 

phase-variable elements is a hologram displayed on said plurality of phase-variable 

elements. 

20. The optical Switch of claim 19, wherein said hologram is computed from an 

algorithm selected from the group consisting of: 

(a) direct calculati0nfrom a blazed gratinglor Bragg dit~ractive angle, 

(b) direct calculation fi’om a quantized ideal phase profile, 

(c) optimization by direct binary search, 

(d) optimization by simulated annealing (Boltzmann annealing), 

(e) optimization by a genetic algorithm, and 

(f) optimlx~ation by constrained projection (Gerchberg-Saxton). 

211 The optical switch o£ claim 8, 
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wherein said circuit receives a signal that repre2onts whether said light is being 

directed to said second po~ and .. ¯ 

wherein said circuit computes said phase state for said plurality of phase- 

variable elements to align saidlight with said second port, in response to 

viid signal. 

22. The optical switch of claim 21, wherein said ch-. cult determines a ¯position.of 

said second port by successively reeomputing said-phase state for said plurality of 

phase-variable elements to successively redirect said light, and by successively. 

evaluating said signal to determine whether said light is aligned with said second port. 

23. The optical switch of claim 8,      . .      ¯         . 

wherein said circuit receives a signal that representsa phase error of said light at 

said second port, and . "              " .             . 

wherein.said circuit computes said phase state for said plurality of phase-     ’ 

variable elements to correct for said phase error, in response to said signal. 

24. The optical switch of claim 8, wherein said first port is one of a plurality of 

ports from which said plurality ofphase.-variable elements can direct light to said 

second port. 

25. The optical switch of claim 24, wherein said circuit computes said phase 

state for said plurality of phase-variable elements to .direct fight fi, om another of said 

plurality of ports to said Second port. 

26. The optical switch of claim 8, wherein said fn-st port and said second port 

are each a bi-directional input/output port. 

27. The optical switchof claim 8, 

wherein said fir~ port and said second port are two era plurality of ports 

between which said light can be directed by said plurality of phase- 

variable elements, and             " 
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wherein said circuit receives an input signal indicating that said light is. to be 

directed from said first port to said second port.. 

28. The optical switch of" claim 27, wherein said circuit issues an output signal 

indicating a port contention, if said second port is in use when said circuit receives 

said input signal. 

29. The optical switch of claim 27, wherein said circuit computes said phase 

state for said plurality of"phase-variable elements to direct said light from said first 

port to athird port, if said second port is in use when said circuit receives said input 

signal. 

30. The optical switch of claim 29, wherein said circuit issues an output signal 

indicating that said light is being directed to said third port, if sald seegndport is in 

use when.said circuit receives said input signal. 

31. The optical switch of’claim 8,                      ’ 

wherein said phase state for said plurality of phase-variable elements is a 

hologram displayed on said plurality o£phase-variable elements, 

wherein said plurality of phase-variable elements are in an arrangement such 

that said hologram is produced notwithstanding a rnisalignment o£ said 

light from said first port,, and                        . 

wherein said misalignment is within a predetermined tolerance. 

32. The optical switch of claim 31, wherein said plurality 0f phase-variable ’ 

elements includes a subset of said plurality of phase-variable elements positioned 

along a peripheral edge of said arrangement to utilize a shift invariant property of said 

hologram:. 

33. The optical switch of claim 8, 
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wherein said phase state for said plurality of phase-variable elements is a first 

phase state for a first subset of said.plurality of phase-variable elements, 

and- 
wherein said circuit computes a second phase state for a second subset of said 

plurality of phase-variable elements for directing light fi~om a third port to " 

a.fourth port. ¯ .. ¯ 

34. The optical, switch of claim 33, wherein said circuit determines (a) which of 

said plurality of phase-variable elements are members of said first subsetand.(b) 

which of Said plurality of phase-variable dements are members of said second set. 

35. The optical switch of claim 33, wherein said first subset is immediately 

adjacent to said second subset. 

36. The optical switch of claim33, wherein said first subset iS spaced apart from 

said second subset by a region of said substrate that does not include any of said 

plurality of phase-variable elements. . . -. 

37. The optical switch of claim 8, ~ .. 

wherein said phase state for said plurality of phase-variable elements is a first 

phase state for a first subset of said plurality of phase-variable elements, 

and 

wherein Said optical switch further comprises a second circuit for eomp.uting 

Second phase state for a second subset of said plurality of phase-variable 

elements for direeti~ng light from a third port to a fourth port. 

38: The optical switch of claim 37, wherein said first subset is spaced apart from 

said second- subset by a region of said substrate that doesnot include any of said 

plurality of phase-variable dements. 
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39. The optical switch of Claim 8, wherein said circuit determines a subset of 

said plurality of phase-variable elements upon which said light from said first port is 

incident. 

40. The optical switch of claim 8, further comprising a lensfor collimating-said 

Iight interposed between said first port and .said plurality of phase-variable, elements~ 

41. The optical switch of claim 8, further comprising a lens for focusing said 

light interposed between said plurality of phase-variable elements and said second 

port. 

421 An optical switch comprising: 

a substrate;.                                    " 

a liquid crystal carried on said substrate; and 

a circuit Carried on said Substrate for (a) computing a hologram and (b) 

controlling said liquid crystal to produce said hologram to direct a light 

from a first port to a second port. 
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Description 

[0001] This invention relates to a device that can mod- 
ulate the phase of light and that can be integrated with 
silicon VLSI (Very Large,Scale Integrated) circuits for 
the transmission of digital information from them. Such 

integration is important because it enables ’smart pixels’ 
to be fabricated in silicon; a smart pixel is an area on 

silicon with electronic functionality that can communi- 
cate with other such areas optically as well as electri- 
cally. Optical communication can be superior to electri- 

cal communication over large distances, so many types 

of large electronic systems will use electronic modules 

globally connected via optics. 
[0002] Light modulators can be based on a silicon 

substrate. They often use aluminlum layers as elec- 

trodes for the liquid crystal overlaidon them, these lay- 

ers also functioning as mirrors [Ceilings et el., Applied 

Optics 28, pp. 4740-4747, 1989]. The modulators may 
¯ be designed to modulate the Intensity or phase of light. 
These devices are used in reflective mode and rely on 
a uniform aluminium mirror fo~" successful operation. Af- 

ter fabrication, the silicon often needs to undergo a 
planarisation process to improve the device operation 

[O’Hara et el., "Post-pro.cessing using microfabrlcation 
techniques to improve the optical performance of liquid 
crystal over silicon backplane spatial light modulators", 

Proceedings of the SP1E, Vol. 2641, pp. 129-139, 1995]. 
Planarisation might be required for two reasons: 

(1 .) Some applications, e.g. holographic Switching 

and filtering, require arrays of pixels with only small 

gaps between them (i.e. having what is commonly 

known as a high fill factor). The circuitry present at 
each pixel, even If it is only one ddve transistor, 
takes up space and leads to large gaps, since all 

circuit structures present a topography, I.e. protrude 

above the flat silicon surface; and 
(2.) The optical quality of aluminium metal mirrors 
that use the metal layers that are part of the stand- 
ard CMOS VLSI circuit fabrication process is poor 

(owing to the processing conditions and choice of 

material). 

¯ lO 

2o 

30 

35 

4O 

[0003] Both these problems are solvedln the latter ar- 45 

title by depositing and patterning a new metal mirror lay- 

er on a planarised dielectric layer placed over the whole 
pixel area. An electrical connection must be.made at 

each plxel between the electrode proper and the new 

mirror. Such planarisation is therefore desirable, but it 50 
is difficult and expensive. 
[0004] An alternative approach is to use an SLM op- 

erating In transmissive mode. The Ceilings article men- 
tions this as a possibility when using TFT arrays; refer- 
ence may also be made to US-A-5182665 In the names ss 

O’Callaghan and Handschy (Displaytech, Inc.). This 
patent shows sv~itchable diffraction gratings for diffract- 

ing unpolarized light; the gratings are made of FLC (fer- 

re-electric liquid-crystal) cells addressed in stripes to 

which alternately opposite voltages can be applied. The 
plates containing the liquid-crystal material can be made 
of glass for visible-light .applications, or-silicon or other 
materials for IR applications. In telecommunications 
wavelengths of 1310 and 1550 nm are commonly used. 

[0005]. There are two main reasons for using FLCs for 
modulation for te!ecomms, rather than the nematic liquid 

qrystals more common in displays. One concerns 

speed: nematics switch much sl0wer than ferroelectdcs; 
the other is that nematics suffer from noise due tO phase 

quantisation. However, ferroelectrlcs in their turn have 
disadvantages in that they are more difficult to address, 

partly because they rotate the birefringence axes in the 
plane rather than switch between bi-~efringent and 

uniaxlal, and partly because this rotation Is too Small for 

many purposes - a maximum of 45° Is all that can be 
achieved in practice. Moreovermost ferroelectric liquid 

crystals (FLCs) are bi-stable: no gradation of the rotation 

of the rotation can be brought about. 

[0006] The last disadvantage of FLGs can be reduced 
or eliminated by using distorted-helix FLCs. However, 
these likewise rotate the axes by not more than 45o. 
[0007] Theoretically one can use two FLC devices in 

series, with a ~/4 (half-wave) plate between them; how- 

ever, using two SLMs is not a practical proposition. To 

achieve the same result US5182665 In one embodi- 

ment (Fig. 12) makes use of an .Ingenious scheme using 

only one SLM where the incident light passes through 
the ferroelectric SLM, is reflected by a mirror, which can 

be constituted by one of the electrodes of the SLM, and 
passes back through the ferroelectric material. This 

gives the required 90° rotation. 
[0008] The disadvantage of the transmissive modes 
as a class Is that they have hitherto not allowed the use 

of active backplanes, that is to say, control circuitry as- 
sociated with each plxel. US 5182665, for instance, de- 
scdbes onlya pair of electrodes switching the entire 

grating on oroff. Active-backplane arrangements, as ex- 
plained in Ceilings et el., can be very fast and compact 

and are successfully.used with reflective SLMe, but the 
standard CMOS or NMOS processes cannot be com- 

bined with transmissive SLMs because of the metallisa- 
tion used for the transistors. It Is an aim of the present 

invention to take advantage of-active-backplane tech- 

nology without abandoning the double-pass SLM con- 
figuration. 
[0009] Accordlngto the present Invention there Is pro- ¯ 
vided a llght-modulating device according to the subject- 

matter of claim 1. 

[0010] In_ particular the electrodes on the side of the 
light-modulating layer adjacent to the subtrate may be 
constituted by diffused regions In the semiconductor 
substrate, or by p01ycrystalline layers formed on the 

substrate, which for silicon are transparent to Infrared 
wavelengths above 1200 nm. Such materials fit I n easily 
with the conventional silicon processes, and indeed the 

invention also relates to methods for making such struc- 
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tures in which the electrodes are made at the same time 
as a component of the ddve circuitry..However, In prin- 
Ciple materials such as ITO can be used. 

[0011] Preferably the double-pass configuration is 
used in which a mirror is provided on the side of the mod- 
ulating layer opposite the semiconductor substrate, usu- 

ally with a quarter-wave plate on the mirror. 
[0012] The modulating layer can be a ferroelectdc liq- 

uid crystal or some other light-modulating material and 
the semiconductor Is most conveqlently silicon. LlgJ~t In 
the common telecommunications wavelength region 

(1.3p.rn tO 1.55p.rn) will pass through the light-modulat- 

Ing matedal and silicon substrate, so that the device can 

operate in a transmissi~..v.._e mode. 
[0013] In operation so?he property of the light, e.g. 

phase, is altered as It passes through the modulator. To. 
this end the electrode can be used to alter the potential 

applied to the material of the light-modulating layer, thus 

controlling the modulation of the property of the light. 
Circuitry that performs operations, such as applying a 
drive voltage to the substrate electrode, and the control 

of the modulator, Is then integrated on the silicon sub- 

strata, beside the modulator. Such devices are com- 
monly known as smart pixels. 

r0014] The use of substrate diffusion.s,, or alternatively 
polycrystalline .semicsnductor leads, to apply a voltage 
to tl~e ~iquid-crystal iayer tl-ir6ogh which light Is transmit- 

ted rather than reflected totally solves problem (2) Indi- 
cated above, because no flat surface is needed for re- 
flection..However, a diffused-electrode arrangement 
might be useful even for reflective devices since the sur- 

face of the silicon wafer is extremely flat and for suitable 
wavelengths can be used as a reflector. 
[0015] The Invention can be applied to linear (one-di- 
mensional) ~arrays of plxels, where circuitry can be 
placed outside the pixel area. Here problem 1 indicated 

above does not exist, enabling high quality linear devic- 
es to be made. In many applications that use structured 

illumination (light beams aimed at specific modulators) 
problem 1 indicated above also does 0ot exist. In both 

these cases there are major advantages in operating liq- 

uid-crystal (or other Integrated) modulators In this man- 
ner. 
[0016] A further advantage of the invention occurs 
when an array of reflective plxels Is required, but It is 

also needed to place an optical component (such as a 
fixed wave plate) directly next to the mirror. Since such 

a waveplate will normally be insulating In a conventional 

silicon-backplane spatial light modulator, optically trans- 

parent conducting, pixels must be defined on the top sur- 
face of the waveplate and connected by vias to the un- 
derlying circuitry. This is difficult and expensive, but us- 

ing the invention it can be avoided, e.g. by placing a 

waveplate on the front glass of the liquid-crystal cell and 
depositing a high-quality continuous mirror on Its out- 

side surface, with the diffused-electrode side of the 
modulator facing the incoming light. 

[0017] The liquid crystal can be a single two-state or 

two-level (i.e. "black" and "white") modulator. HoWever, 

two-level phase modulators used to display a phaSS 
hologram have two main disadvantages. Firstly, they 
operate With an inherent inverse symmetry that is a 

problem in holographically routed crossbar systems, as 

only half of the replay plane may be used for swltohlng 
purposes and the other half is wasted. Secondly, there 

is a loss introduced by such holograms, as the maximum 
elf c ency of a two-leve phase system s on y 41%. " 

io [0018] By using three or more levels of modulation, I. 

e. a grey scale, the inverse symmetry can be removed 

from the replay plane, allowing the whole replay plane 
to be used for switching purposes. Also, the loss intrO- 
duced into a system using e.g. four-level holograms is 

less than in two-level systems, the maximum efficiencY 
of such a hologram being 81%. The disadvarit~.ges of a 
two-level system, are thus removed by using three or 

more levels of modulation.                       - 
[0019] To get fourlevels of phase modulation reqUires 

20. phase shifts of up to 270" being Introduced by the r-nod- 

ulator. Using a material such as a ferroelectri¢ licluId 

crystal (FLC) in a modulator requires a material with a 

tilt angle of at least 67.5°; such materials (e.g.- FLC 

10817) exist, but their electro-optic effects are difficult 
2~ to incorporate in a device. Hence standard FLGS, with 

. their lower tilt angle doubled by the double-pass config- 

urationl offer a good working compromise. Disto rted-be- 

lix FLCs are particularly suitable. 
[0020] For a better understanding of the invention ern- 

bodiments of it will now be described, by way of exam" 
pie, with reference to the accompanying drawing~, in 

which: 

* Figure 1 shows a very schematic plan view of ~ sil- 

~ Icon substrate 1 with a substrate diffusion 2; 
¯ . * - Figure 2 shows a side view of an embodiment of the 

Invention incorporating the substrate described in 

Figure 1 ; 

* Figure 3 shows a silicon design layout using B tWO- 
40 micron process; 

* Figure 4 shows a section through a reflective r~°d- 
ulating element representing a second embod ir~ ent 

of the invention, which could be used to proviCl~ in- 

creased modulation levels as described above; ~nd 
45 * Figures 5A, B and C show variations of the I 

scheme of Figure 4. 

5O 

[0021] In Figs. 1 and 2 a silicon substrate 1 cont~ins 

a substrate diffusion 2 that acts as an.electrode. A liCl L~ id- 
crystal layer 5 is contained between the surface of a 
glass plate 3 and the silicon substrate 1. The glass I~ I~.t,~ 

3 has an ITO electrode on Its surface facing the l iCi u= 
crystal, and potential difference Is applied to the Ii~luid 
crystal 5 by way of the transparent electrode 4 ~r3~l tl3e 

substrate diffusion 2 In order to modulate the st~-t~ of 
the liquid crystal. The transparent electrode can I~e a 

common electrode. 

[0022] Light enters through the glass 3 and p~es 
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through the transparent electrode 4, and through the liq- 

uid crystal 5. After passing through the liquid crystal, the 
light passes through the substrata diffusion 2 and the 
silicon substrata 1 and leaves the device. The phase of 

the lighl~ entering the device at 3 and exiting the device 
at 1 is altered by the liquid-crystal layer 5 when thelatter 
is addressed by the application of a suitable voltage be- 

.. tw.e.en the transparent electrode 4 and the diffusion 
The �omplete unit tl~s acts as an optically transmissive 

phase modulator.. 

[0023] In an SLM many pixels of this nature will be 
.formed in a 0ne-dimensional or tw0-dimensional array, 

each addressed by a ddve circuit. In a two-dimensional 

array the drive circuits could alternate in rows with the 

. pixels, or they could all be together in a separate area. 
TFTs could be used as pixel drivers. In devices using 

the invention this drive circuit Is formed in the substrata 
.1, in a second part of the substrata to the side of the 

first. The technology for designing and fabricating a 
CMOS VLSI circuit Is well established. Figure 3 Is an 
example layout that could be used as the basis for a 
one-dimensional light-modulating device, when used in 

a cell such as described, for example, in Figure 2. 
[0024] The end part of a substrata diffusion 6, of which 

. only the left-hand and is visible in Fig. 3, is connected 

. to some control and drive circuitry 7 in the same silicon 
substrata. The voltage applied to the diffusion 6 Is con- 

trolled by the control and drive circuitry 7. In practice 

there might be several hundred diffusions 6, each hav- 

ing corresponding circuits 7, of which Fig. 3 shows only 
one, arranged adjacently to form a row of pixels consti- 
tuting a first, transparent, area of the substrata. (The 

right-angle bend in th;~ connecting line between the dif- 
¯ fusion 6 and the circuit 7 would not be present In practice 

and s purely for.ease of re’presentation) The substrate 
diffusion 6 might have dimensions 20p.m x 6mm, while 
the associated circuit 7 might be 20p.m x 100p.m, at- 

ranged in line with its diffusion 6. The circuits 7, with their 
opaque interconnects, collectively form a second area, 

generally considerably smaller than the first. Light is di- 

rected at the pixels of the first area. 
[0025] Transmissive oPtical modulators that can pro- 

vide several distinct levels, giving analogue modulation 

of light, are important as they can be used In many op- 
tical systems e.g. optical correlatora, displays and opti- 

cal interconnects. 
[0026] A second embodiment of the Invention, using 
a so-called double-pass configuration, will now be de- 

scribed by way of further example with reference to Fig. 

[0027] A silicon substrate 14 with substrate diffusions 

(not shown) and control circuits (likewise) is attached to 
a cell containing a material~ here a liquid crystal 15, 
whose optical properties, for instance its reflective, ab- 

sorptive or transmissive properties, change with applied 

voltage as before. A transparent electrode 16 is at- 
tached to the cell containing the material 15 and to a 

glass or plastic quarter-wavelength waveplate 17. In this 
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embodiment the plate 17 acts simultaneously as the 
rear plate for the LC cell and as a quarter-wave plate, 
but two separate components could be used. The wave- 

plate 17 is placed against a mirror 18. Infra-red light an- 
5 ters through the silicon substrata and diffusion 14and 

continues through the modulating material 15 and trans- 

parent electrode 16. Following this the light travels 
through the waveplate 17 and is reflected from the mirror 

18. Thelight takes a reverse path from 17 through to 14 

and leaves the cell. As a result of this second passage 
through the modulating material 15 the modulation of 

the light is doubled, increasing the overall magnitude of 

the electro-optic effect. An applied potential difference 
¯ between the electrodes 14 and 16 modu lares th e optical 

property of the matedal 15. The complete cell, encom- 

passing the parts 14 to 18, may thus act as a light mod- 

ulator. 

[0028] Figs. 5A,.5B and 5C show various ways of in- 

corporating, the quarter-wave plate between the LC lay- 
20 er and the mirror. In Fig. 5A a transparent plate is ’used, 

constituting one of the plates of the liquid-crystal ce.ll. It 
can be of glass, or of quartz or mica. However, this plate 
has tobe 2-3 mm thick to give the quarter wave retar- 

dation for IR wavelengths, which gives rise to undesir- 

25 able diffractior~ effects. In Fig. 5B therefore a thin 
(100p.m) glass plate 20 is. used, the 2J4 plate being 

formed by a nematic liquid-crystal layer 17a. In Fig. 5C 

a fused reactive mon’omer layer 17b on glass is used. 
Mechanical support is afforded by a rear glass plate 22. 

In all these embodiments the drive circuits in the silicon 

are not shown. 
[0029] The embodiments described above are partic- 
ularly suitable for use as light modulators for use in the 
switching Of telecommunications signals. However, the 

35 invention can be applied to any device where an optlcal 

signal or information is to be mpdulated by the applica- 
tion of an electric signal. 

4o Claims 

45 

5O 

55 

2~ 

A light-modulating device comprising a semicon- 

ductor substrate (1), a layer of light - modulating ma- 
terial (5) on a first part of the substrata, electrodes 

(2) for for applying a voltage to the light - modulating 
layer, the electrodes being made of a mated altrans- 
parent~o the wavelength of the light used, and drive 

circuitry (7) for addressing the light-modulating lay- 
ervia the said electrodes; wherein the drive circuitry 
(7) for addressing the light-modulating layer via the 
said electrodes is integrated on the semiconductor 

substrata to the side of the light-modulating region 
of the modulator and wherein the electrodes are In- 
tegrated in the semiconductor substrata. 

¯ A light-modulating device according to claim 1, In 
which the electrodes (2) are diffused regions in the 

semiconductor substrate. 

4 
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3. A light-modulating device according to claim 1, in 

which the electrodes are polyctystalllne layers 
formed on the substrate. 

3o 

A lightTmodulating device according to any preced- 5 

ing claim, in which a mirror (18) is provided on the 

side of the modulating laye~ opposite the semicon- .. 
ductor substrate in order to reflect the light back 
through the modulator. 

10 

5. A light-modulating device according to claim 4, and 

further including a quarter-wave plate between the 

mirror and the modulator. 

Lichtmodulator nach Anspruch 1, wobei es sici~ 

den Elel<troden um polykrlstalllne Schlchten I~n" " 

delt, die auf dem Substrat ausgeblldet sind. 

" Lichtmodulator nach einem der vorhergehenden 
AnsprQche, wobel ein spiegel (18) auf der Seite der 

modulierend~n Schicht gegen~ber dem Halblelter" 

substrat angeordne~ ist, um das Licht zur~ck durct~ 

den Modulator zu reflektieren. 

5. Lichtmodulator nach Anspruch 4, der dan3ber bin" 
aus ein Viertelwellenpla~ine zwischen dem Spiegel 

und dem Modulator aufwelat. 

6. A light-modulating device according to anypreced- t~ 6. Lichtmodulator nach einem der vorhergehenden 

Ing claim.in which the addressing electrodes form AnsprOche, wobel die ansteuemden Elek’troden 

a one’dimensional array, ne eindlmensionale Anordnung bilden. 

8~ 

10. 

A light-modulating device according to claim 6, in 7. 

which the individual ddve circuits are ar~’anged In a 2o 

¯ row parallel to the array of addressing electrodes. 

A light-modulating device according to any of claims 

1 to 5, in which the addressing electrodes form a 8. 
two-dimensional array. 2~ 

A light-modulating device according to any preced- 

ing claim, in which the modulator is a liquid Crystal 
device contained between the"~emiconductor sub- 

strate (1) on the one side and~a transparent plate 
(3) on the other. 

A light-modulating device according to any preced- 
Ing claim, arranged to be used at infrared wave- 
lengths above 1200 rim.         . / 

9o 

Lichtmodulator nach Anspruch 6, wobei die einzel" 

nen Treiberschaltungen, in einer Relhe angeorclrtet 
sind, die parallel zur Anordnung der ansteuernden 

Elektroden verl&uft. 

Lichtmodulator nach einem der Anspr~che 1 his 5, 

wobel die ansteuernden Elektroden eine zweidi" 
mensionale Anordnung bilden. 

Lichtmodulator nach einem der vorhergehenclen 
Anspr,",che, wobei der Modulator ein Fl~ssigkdst~11° 

bauteil ist, der zwischen dem Halbleitersubstrat (1) 
auf der einen Selte und elner transparenten PI~tte 

(3) auf der anderen Seite enthalten ist. 

Lichtmodulator nach einem der vorhergehenden 
Anspn3che, der eingerichtet Ist, um mit Infrarotvvel- 

lenl~ingen Liber 1200 nm verwendet zu werden. 

PatentansprLiche 

Lichtmodulator, der ein Halbleitersubstrat (1), eine 40 

Schicht aus Llcht modullerendem Material (5) auf 

elnem ersten Tell des Substrats, Elektroden (2) fLir 
das Anlegen einer Spannung auf die Licht modulie- 

rende Schlcht, wobei die Elektroden aus einem Ma- 
terial hergestellt sind, das gegen~ber der Wellen- 4~ 
I&nge des verwendeten Lichts transparent ist, und 

eine Treiberschaltung (7) zum Ansteuern der Licht 

modullerenden Schicht ~ber die Elektroden auf- 
welst, wobei die Treiberschaltung (7) zum Ansteu- 
ern der Licht modulierenden Schicht Qber die Elek- 5o 

troden auf dem Halbleitersubstratzur Seite tier 
Licht modullerenden Region des Modulators hln 
eingebaut ist und wobei die Elektroden In dem Halb- 
leitersubstrat eingebaut sind. 

Lichtmodulator nach Anspruch 1, wobel die Elektro- 

den (2) diffundlerte Regionen in dem Halbleitersub- 
strat sind. 

55 

Revendlcatlons 

I~lodulateur de lumkbre compre~n_ant un .subS[r’Bt 
seml-conducteur (1), une couche de matdrlau rr~o" 

dulateur de lumi~re (5) sur une premiere partie 
substrat, des ~lectrodes (2) pour appliquer une t 

sion ~ la couche modulatrice de luml~re, les 
trodes dtant constitudes d’un matdriau transparer~t 
& la Iongueur d’onde de la lumi~re utilisde, et des 

cfrcUlts de commande (7) pour adresser la couGl~e 

modulatrice de luml~re via lesdites ~leotrodeS; 
dana lequel les circuits de commande (7) pern3et- 

tant d’adresser la couche modulatrice de lurni~-re 
via lesdites ~lectrodes sent Int~gr~s au .~ubstr~.t 
seml-conducteur sur le cStd de la rdglon modul~.tr~- 

ce de lumi~re du modulateur et dans lequel les 
trodes sent Int~grOes au substrat seml-con~uct~~J r. 

2. Modulateur de lumi&re selon la revendicatio¢, 1, 
dana lequel lea ~lectrodes (2) sent des r~gions ~lif’ ’ 
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3. A light-modulating device according to claim 1, in 

which the electrodes are polycrystalllne layers 
formed on the substrate. 

4. A light-modulating device according to anypreced- s 4. 

ing claim, in which a mirror (18) is provided on the 
side of the modulating layer opposite the semicon- 
ductor substrate in order to reflect the light back 

through the modulator. 
1o 

5. A light-modulating device according to claim 4, and 5. 
further including a quarter-wave plate between the 

mirror and the modulator. 

6...A l!ght-modulating device accordingto anypreced- 15 6. 

Ing claim,..in which the addressing electrodes form 
a one-dimensional array. 

A light-modulating device acco~’ding to claim 6, In 
which the individual ddve circuits are arranged in a 20 

row parallel to the array of addressing electrodes. 

8. A light-modulating device according to any of claims 

1 to 5, in which the addressing electrodes form a 
two-dimensional array¯ 25 

9o A light-modulating device according to any preced- 

ing claim, in which the modulator is a liquid crystal 
device contained betweeh the ~;~miconductor sub-. 

strate (1) on the one side andre transl~aren~ plate 
(3) on the other. 

10. A light-modulating device according to any preced- 

ing claim, arranged to be used at infrared wave- 
lengths above 1200 nm. 

3O 

35 

Patentanspr~che 

1. 

8o 

10. 

B1 

Lichtmodulator nach Anspruch 1, wobei es eich bei 
den Elektroden um polykristalllne Schlchten han- 
delt, die auf dem Substrat ausgeblldet sind. 

Lichtmodulator nach elnem der vorhergeher~den 
Anspn3che, wobel eln Spiegel (18) auf der SeRe ~ler 

modulierenden Schicht gegen~ber dem Halbleiter_ 
substrat angeordnet ist, um des Licht zurOck dutch 

,den Modulator zu reflektieren. 

Lichtmodulator nach Anspruch 4, der dan3bei- hin- 

aus ein Viertelwellenplatine zwischen dem Spiegel 
und dem Modulator aufwelst. 

Lichtmodulator nach einem der vorhergehenden 

Anspr~Jche, wobel die ansteuemden Elektroden ei- 
ne elndimensionale Anordnung bilden. 

Lichtmodulator nach Anspruch 6, w0bei die einzel. 

nen Trelberschaltungen, In einer Relhe angeordnet 
sind, die parallel zur Anordnung der ansteuernden 
Elek’troden ved~.uft. 

Llchtmodulator nach elnem der Anspn3che 1 bls 5, 

wobei die ansteuernden Eiektroden eine zweidi. 
mensionale Anordnung bilden. 

Llchtmodulator nach elnem der vorhergehenden 

Anspn3che; wobei der Modulator ein FIQssigkdstall_ 

bautell ist, der zwischen dem Halbleitersubstre.t (1) 
auf der einen Selte und elner transparenten Platte 

(3) auf der anderen Seite enthalten ist. 

Llchtmodulator nach elnem der vorhergehenclen 

Anspn3che, der elngerichtet ist, um mit Infrarotwel. 
lenlSngen t3ber 1200 nm verwendet zu werden. 

Revendications ’ 
Lichtmodulator, der ein Halbleitersubstrat (1), eine 40 

Schicht aus Llcht modulierendem Material (5) auf 1. 

elnem ersten Tell des Substrats, Elektroden (2) for 
des Anlegen einer Spannung auf die Licht modulie- 

rende Schlcht, wobel die Elektroden aus einem Ma- 

terial hergestellt slnd, des gegen~ber der Wellen- 45 
.l~nge des verwendeten Lichts transparent let, und 
eine Treiberschaltung (7) zum Ansteuern der Licht 

modulierenden Schlcht L~ber die Elektroden auf- 

weist, wobei die Tre[berschaltung (7) zum Ansteu- 
ern der Licht modulierendan Schicht 5ber die Elek- 5o 

troden auf dem Halbleitersubstrat zur Seite der 
Llcht m0dullerenden Region des Modulators hln 
elngebaut Ist und wobei die Elektroden In dem Halb- 
leitersubstrat eingebaut sind. 

2. Llchtmodulator nach Anspruch 1, wobel die Elektro- 

den (2) diffundierte Regionen in dem Halbleitersub- 

strat sind. 

55 

Modulateur de lumi~re compre~ant un substrat 
seml-conducteur (1), une couche de mat~rlau rno. 
dulateur de lumi~re (5) sur une premiere partie du 
substrat, des ~lectrodes (2) pour appllquer une ten- 

slon & la couche modulatrice de lumibre, les elec_ 
trodes ~tant constitutes d’un materiau transparent 
& la Iongueur d’onde de la luml~re utllls~e, et des 

circuits de commande (7) pour adresser la couche 

modulatrice de lumibre via lesdltes ~lectrodes; 
dane lequel lee circuits de commende (7) Pert’net. 

tant d’adresser la couche modulatrice de lumi~re 
via lesdites dlectrodes sont.lnt~gr~s au ~ubstrat 
seml-conducteur sur le cSt~ de la rdglon modulatri. 
ce de lumi~re du modulateur et dens lequel les dlec. 

trodes sont Int~grdes aU substrat seml-conducteur. 

Modulateur de lumi~re selon la revendication 1, 
dens lequel les ~lectrodes (2) sont dee rdgions ~lff- 

5 
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fus~es dans le substrat semi-conducteur. 

.Modulateur de lumi~re selon la revendlcatlon 1, 
dans lequel les ~lectrodes sont des couches poly- 

cristallines forrnees sur le substrat.                5 . 

Modulateur de lumi~re selon I’une quelconque des 
revendications pr~cedentes, dans lequel un miroir 

(18) est agenc~ sur le cSt~ de la couche modulatdce 
oppos~ au substrat semi-conducteur de mani~re t~ 

refl~chir la lumi~re & travers le modulateur. 

I0 

Modulateur de lumi~.re selon la revendication 4, 
comprenant en outre une lame quart d’onde entre 

le miroir et le modulateur. 

Modulateur de lumi~re selon I’une’quel¢onque des 
revendications prOc~dentes, dans lequel les elec- 

trodes d’adressage formi~nt un r~seau unidimen- 
slonnel. 

Modulateur de lumi~re selon la revendi~ation6, 
dans lequel les circuitsde commande individuels 

sont agenc~s en rang~e parall~.le au r~seau d’@lec- 

trodes d’adressage. 

Modulateur de lumiOre selon I’une quelconque des 
revendications 1 ~. 5, dans lequel les ~lectrodes 
d’adressage forment un r~seau bidimensionnel. 

Modulateur de luml~re selon I’une quelconque des 
revendications pr~cedentes, dans lequel le modu- 
lateur est un dispositif ~ cdstal liquide confin~ entre 

le substrat semi-conduc{eur (1) sur une face et une 
plaque transparente (3) sur I’autre face. 

3O 

Modulateur de luml~re selon I’une quelconque des 
revendicationspr~c~dentes, agenc~ pour ~tre utili- 
s~ ~. des Iongueurs d’onde infrarouges sup~rieures 

& 1200 rim. 4O 

10 
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Figure 3 
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(54) Optical phase modulator 

(57) ’ Aphase modulator includes a lower layer of 

glass or silicon substrate containing a 1-D array of pix- 

°Is (42) formed from either ITO or aluminium respec- 

tively. The substrate is covered ,~y an upper glass plate 

coated un=formly w~th ITO to make"one ¯large ’transpar- 
ent electrode. Polymer-dispersed LC composite mate- 

rial is sandwiched between these layers, the polymer- 

dispersed material containing a nematic LC (with posi- 

tive dielectric). Figure 4a shows the bipolar directoi- con- 

figuration within the droplets (40) in the field-off 

condition where the bipolar axis of each droplet is 

assumed to be randomly oriented. Light impinging on 

this material may encounter, small enough scattering 

centres to be suitable for Rayleigh scattering. An 

applied electric field exerts an electric torque on the 

directors. This is balanced by an elastic torque gener- 

ated by the distortion of the director pattern away from 

its equilibrium position, The balance of these two forces 

determines an equilibrium position of the director and a 

rotation of the bipolar axis towards an orientation nor- 
mal to the.plane of the SLM. The device is thus able to 

provide an analogue modulation of the refractive index, 

and hence phase delay, encountered by incoming light. 

Figure 4b shows the final switch configuration i0 which 

voltages of different magnitudes have been applied to 

different-pixels (42) to produce several different regions 

(44) of PDLC, with different switch states, and hence a 
phase pattern suitable to defract light into first order 

spot with high efficiency. 
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Description 

[0001] The present invention relates to a phase 
modulator for use in the phase modulation of light, and 
is concerned particularly with the use of polymer-dis- 5 
persed liquid crystalline materials to effect such modu- 
lation. :- ¯ ¯ 

[0002]    Polymer dispersed liquid .crystalline materi- 

als (PDLCs) are composite materials made o~ droplets 
or regions of liquid crystal (LC) encapsulated within a 
polymer matrix. The liquid crystalline phase type most 
frequently used is the nematic phase. The most usual- 
electro optic effect employed is the production of a light 
shutter which transforms between a scattering and non 
scattering state by the action of an electric field. Such 15 
shutters are most commonly developed for applications 
such as active windows and displays. A key feature in 
this technology is the use of LC droplet sizes of the 
order of the wavelength of the incident light (typically 
droplet diameter (R) = 0.3-3 ~m). 20 
[0003]    Very recently LC particle sizes sufficiently 
small to be close to the Rayleigh scattering regime (R= 
50-100 nm) have been developed and used for the pro- 
duction of non display applications such as holographic 
gratings and waveguides. In both cases scattering is not 25 
desired and the small droplet size greatly reduces any 
scattering loss. Instead the electro optic effect, upon 
which the devices are based; depends only on the 
match or miss-match of the refractive indices in cf. to the 
polymer matrix (for hologram applications) or on the var- 30 
iation of the apparent birefringence of the system (for 
waveguide applications). 
[0004]    This invention relates to the use of polymer 
dispersed liquid crystal materials, containing liquid crys- 
tal particles of very small diameter (-100 nm or less), in 35 
the development of polarization insensitive analogue 
phase modulating devices. Currently binary ferroelectric 
!iquid crystal (FLC) phase modulators are being devel- 
oped for use in free space holographic routing switches 
for telecomms applications. The great value of FLCs in 4o 
this application is their fast oPeration speed and polari- 
sation-independent operation, (since telecomms light 
signals have no fixed polarisation direction). However 
they suffer from an upper limit on their maximum poten- 
tial diffraction efficiency because of the binary nature of 45 
the FLC switching effect. The devices described below 
involve the use of polymer dispersed liquid crystalline 
materials to generate a polarisation-independent 
method of producing analogue phase modulation. Many 
different devices could be based upon this effect but of 5o 
particular interest is the use of such materials in the pro- 
duction of reconfigurable spatial light modulators for use 
as holographic light routing switches for telecomms or 
aerospace applications. 
[0005]    To date PDLC materials have been largely 55 
developed with particle diameters of the order of the 
wavelength of the incident light in order to take advan- 
tage of the large scattering such a particle size would 

produce. Typically such a device is composed of a layer 

of polymer dispersed liquid crystalline material placed 
between transparent electrodes such as Indium:Tin.. 
Oxide (ITO) on Glass or Polymer). An example of such _ 
a device is shown schematically at Figure 1. There are 
several methods of producing the phase separation 
necessary to produce PDLC.structures. In one example 
the PDLC material may be filled into a preprepared cell 
as a prepolymer syrup containing monomer units and 

photosensitive co.mponents intended to make the 
¯ polymerisation action light activated. The EC material, is 
dissolved within this mixture. Once illuminated with light 
of the correct wavelength range polymerisation begins. 
As the polymer chain lengths grow the chemical poten- 
tial of the LC within the mixture changes resulting in it 
phase separating from the mixture into di’oplets. The 
size of the droplets can be controlled by varying certain 
parameters of this process such as the rate of polymer- 
isation. 

[0006]    Within each droplet the LC molecules orient 
themselves with one of the several characteristic LC 
director (i.e. mean value of direction Of molecular long 
axes) configurations possible. (Which director arrange- 
ment is adopted for a given PDLC material is deter- 
mined by several parameters). Here, we consider the 
common director configuration known as ’bipolar’, for 
which the directors lie .tangentially to the surface of the 
LC/polymer interface and exhibit two singularities 
between which there is an axial symmetry of director 
orientation (a bipolar axis), see Fig 1 (a)..In the absence 
of an applied field the bipolar axis orientation is random 
across the sample such that on average each droplet 10 
presents a refractive index different to that of the p01y- 
mer matrix and thus a refractive index discontinuity to . 
the incominglight. In this state incoming light 12 is Scat- " 
tered strongly effectlv,ely blocking its tran~missi0n’, Fig 
.l(b). Once a sufficiently.high electric fiel~l E is applied 
the bipolar axes become aligned ~Nith the-field lines. 
Light travelling through the sample along the direction of 
the field lines now experiences the droplets’ refractive 
indices as those which lie perpendicular to the bip~51ar 
axis direction. Careful formulation of the nematic LC 
material ensures that the refractive index in this direc- 
tion matches that of the polymer as closely as possible. 
The material now appears to be transparent to the 
transmitted light 14 - see Figl(c). Thus an electric field 
is able to change the transmission properties of the 
material between a scattering state and a non-scatter- 
ing state. 
[0007]    Devices based on this effect differ greatly 
from those based upon the present invention in that the 
latter do not employ PDLCs with particle sizes selected 
for scattering. 
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(b) Non Scatterinq Devices 

Refractive index match / mis-matchfor Hologram Gen- 

eration. 

[0008]    Work has also been undertaken into the 
application of PDLC materials to fixed hologram gener- 
ation. Typically the PDLC prepolymer mixture is illumi- 

nated_by.two coherent beams, of light which interfere 
witSin the PDLC material to produce an interference 10 

. pattern. The rate of P01ymerisation of the pre-polymer 
syrup is dependent on the intensity of the incident light. 
Polymerisation is faster in areas for which the. light is 
mo~,t intense and within these regions the chemical 
potential of the EC is raised and the potential of the 15 
monomer is lowered. This results in the flow of liquid 
crystal and monomer components in opposite direc- 
tions, resulting in the seperation of polymer and liquid 
crystals droplets into different areas. Thus for example 
ir~ a simple diffraction grating lines are formed alter- 2o 
nately composed of regions high in concentrations of 
LC and polymer. The operation of the resulting device 
now depends on the change in the average refractive 
index of the LC layers. In the absence of an electric field 
the average refractive index n(Ic)in the high LC density 25 
region does not match that n(p) in the low LC densffy 
region and the hologram is revealed (see Fig 2a). Some 
of the light .incident. normally to the device will be 
deflected into the first- ~o[der diffraction peak. When a 
field E is applied across the electrodes 20 the LC direc- 30 
tor orientation rotates until the average refractive index 

of the LC region 22 closely matches that of the polymer 
24 effectively ’erasing~ the holographic grating. Light 
incident normally to the device will be transmitted 
through without deflection (see Fig. 2b). In this way light " 35 
may be selec{!vely diffracted or transmitted depending 
on the presence or absence of the electric field. If the 
particles size is of the order of the wavelength of light 
the hologram is effectively based onan amplitude grat- 
ing, i.e. light would pass directly through in the field-on 4o 
state but would be directed to the first order with some 
large degr.ee of loss in the field-off state. By utilising LC 
droplets of very small diameter the hologram is essen- 
tially a phase grating and the lossto the deflected beam 
is much reduced. In addition the use of particles with 45 
small diameters allows the spatial frequency of such 
holograms to be maximised. However this mechanism 
for hologram generation restricts each device to one 
fixed spatial frequency and thus one direction of deflec- 
tion of the diffracted beam. This effect has been pro- 50 
posed as suitable for the generation of variable focus 
lenses and stacked sets of holograms for holographic 
routing switches. 
[0009]    The present invention differs from the tech- 
niques described above in that it does not use the elec- 55 
tric field control of the director profile of the LC particles 
in order to match or not match the refractive index of 
permanently recorded PDLC gratings. 

(c) Electrically Controllable Anisotropy for Optical Arn~)lL- 

tude Modulators. 

[0010]    Recently is has been suggested to use small 
particle PDLCs for the development of PDLC waveguide 

type structures. Here the birefringence of the .sample is 
modulated by director rotation induced by the applica- 
tion of an electric field normal to the direction of incident 
light. When such a device is placed between crossed 
polarisers it becomes an amplitude modulator. 
[0011]    The present invention differs from such 
devices in that it does not involve the generation of sep- 

arate e and o waves i.e. the technique of the present 
invention does not involve the use of the birefi’ingence 
oftheLC material to change the polarisation state of the 
outgoing light by superposition of the emerging e and o 
rays. No e and o rays are generated within the proposed 
device since the material is arranged to appear isotropic 
to the transmitted light. 
[0012]    In Contrast to prior techniques described 
above, specific embodiments of the present invention 
have as their aim the use of nano-sized polymer-dis- 
persed liquid crystal particles to produce a pure and 
variable phase delay in the light transmitted by a device. 
In this context the phase delay is said to be pure in the 
sense that it is not the result of polarisation.modulation 
due to the separate optical path lengths experienced by 
e and o rays. 
[0013]    Phase delays produced in this manner are to 
be used to make efficient analogue - phase, polarisation 
- independent spatial light modulators. 
[0014]    According to one aspect of the present 
invention there is provided a light modulator for modu- 
lating the phase of incident light in an analogue manner, 
the modulator comprising an active electro optical layer 
of polymer dispersed liquid crystalline (PDLC) material 
sandwiched .between two electrode layers, at least one 
of which is transparent to the incident light, wherein the 
PDLC material contains liquid crystal droplets located 
substantially randomly within the active layer, and having 
a length less than the wavelength of the incident light, 
such that the application of an electric field across the 
electrodes influences the director configurations of the 
droplets to modify the average refractive index of the 
active layer, and therefore modulates the phase of ;{he 
incident light in an analogue manner. 
[0015]    The mqdulator may modulate the phase of 
the incident light in a polarisation-independent manner. 
[0016]    The application of the electric field may dis- 
tort the director configurations of at least some of the 
droplets. The extent of distortion may be a function of 
the applied field. 
[0017]    The light modulator may be arranged to 
modulate the phase of transmitted incident light. In this 
case both of the electrode layers may be transparent. 
[0018]    Alternatively or additionally, the light modula- 
tor may be arranged to modulate the phase of reflected 
incident light. In this case one of the electrode layers 
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may be arranged to reflect the incident light which has 
passed through the active layer. 

[0019]    The or each electrode layffr may comprise a 
substrate of glass or silicon. The tf~~parent electrode 
layer may comprise a glass or silicor~ substrate c~ated 5 

in Indium-Tin oxide.(ITO) or a silicon substrate (trans- 
parent at telecomms wavelength). The reflective elec- 
trode may comprise a glass or silicon substrate coated 
in a reflective, conductive material, such as a metal. 
[0020]    Preferably the liquid crystal material is a 
nematic material. 
[0021]    A light modulator according to the present 
invention may form an optical switch .such.as a spatial 
light modulator (SLM) for the holographic routing of opti- 
cal signals used in, for example, telecommunications or 
aerospace applications. 
[0022] At least one of the elec{rode layers may have 
formed upon it individual electrode elements, which may 
be addressable individually or collectively and may form 
a one or two dimensional array. Therefore, different 20 
regions of the active layer, which may act as pixels, may 
be made to experience different strengths of applied 
electric field. 

[0023]    The invention also includes a method of 
modulating the phase of light in an analogue manner, 25 
the method comprising causing the light to be incident 
upon a modulator device comprising an active electro 
optical layer of polymer-dispersed liquid .crystalline 
(PDLC) material sandwiched betwee~ electrode layers, 
at least one of which is transparent to the incident light, 30 
wherein the PDLC material contains liquid crystal drop- 

lets located substantially randomly within the active 
layer and having a length less than the wavelength of 
the incident light, and applying an electric field across 
the electrodes to influence the director configurations of 35 

¯ the droplets so as to modify the average refractive index 
of the active region, and thereby modulate the phase of 
the incident light in an analogue manner. 
[0024]    The method may compr!se modulating the 
phase of the incident light in a polarisation-independent 4o 
manner. 
[0025] The method may comprise distorting the 
director configurations of at least some of the droplets. 
The extent to which the director configurations become 
distorted may be a function of the applied field. 45 
[0026] The method may ~omprise addressing indi- 
vidually or collectively electrode elemedts formed on at 
least one of the electrode layers, so as to apply electri- 
cal fields of differing strengths to different regions of the 
active layer. Thus, distinct regions within the active layer 5o 
may have their average refractive index modified, and 
may therefore modulate the phase of the.incident ght, 
to different extents. 
[0027]    Embodiments of the present invention will 
now be described by way of example only with refer- 55 
ence to the accompanying diagrammatic drawings in 
which: 

Figures la to lc show schematically a known scat- 

tering device incorporating a layer of PDLC mate- 

rial, 

Figures 2a and 2b show schematically a known 

simple diffraction grating device of the prior art, 

Figures 3a and 3b show schematically a phase 

modulator according to an embodiment of the. 

present inve[~tion, 
Figures 4a and 4b show schematically the device of 

Figure 3 under the influence of an applied electric 

field, 
Figures 5a and 5b depict schematically an alterna- 

tive model for the device shown in Figures 3 and 4, 

Figures 6a and 6b show schematically another 

embodiment of the present invention, and 

Figures 7a and 7b show, respectively, a transmis- 

sive and a reflective holographic Optical routing 

switch such as may incorporate a modulator 

according to the present invention. 

[0028]    In normal LC devices the microscopic ani- 
sotropy is revealed on a macroscopic level by’ the care- 
ful alignment of the material so that incident light is able 
to experience the full anisotropy of the LC material. 
used. An isotropic arrangement of LC directors of suffi- 
ciently small scale would present incident light with an 
isotropic medium. In PDLC materials the LC is encap- 
sulated within droplets which are small and which, in the 
case of the bipolar director configuration, may have 
many different bipolar (average director) orientations. 
So that on the whole, despite being an inherently aniso- 
tropic material, the LC may be presented in an isotropic 
way to the incident light. Light, incident on devices 
according to the present invention in the directions 
shown below, should to a great extent experience the. 
PDLC environment as isotropic in both the switched and 
unswitched states. The droplet bipolar axis orientation, 
or director configuration, within the droplet should be 
modulated, in order to change the value of refractive 
index that the light experiences as it passes through the 
material i.e. the LC is presented in a pseudo-isotropic 
manner but Use is still made of its electro optic response 
to change the average refractive index of this environ- 
ment. 
[0029]    In the use of large droplet PDLCs the droplet 
size is large enough to be detected by the light as a 
region of differing refractive index and thus the source of 
a large scattering effect. In nano sized particles the LC 
droplets are smaller than the Wavelength of the incident 
light and so simply modify the refractive index the light 
experiences as it passes through the PDLC. Scattering 
is still associated with these particles but now it is much 
reduced. 
[0030]    Recently, there has been published experi- 

mental evidence which would indicate that, due to the 
factors including small droplet size and prepolymer 
syrup composition, .the polymer dispersed LC address- 
ing fields can be much reduced and the switching 

oo 
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speeds increased. 

[0031]    In addition, the small size of the’PDLC parti- 
cles restricts the nematic LC$ i.e. smaller droplets pre- 
vent large director fluctuations, which are characteristic 
of the nematic phase in the bulk, from occuring (such 
fluctuations typically occur on the scale of ll.~m). These 
director fluctuations are responsible for thermally 
induced optical random scatter in nematic liquid crys- 
tals. Also the orde( of the phase may be increased by 
the restricted size, thus increasing the potential phase.- 
modulation available. 
[0032]    Figures 3 and 4 show schematically an 
embodiment of phase modulator in accordance with the 
present invention wherein Figure 3(a) is a side view, and 
Figure 3(b) a plan view of a modulator device. The lower 
layer 30 is composed of glass or silicon substrate con- 
taining a 1-D array of pixels 32 formed from either ITO or 
aluminium respectively see Fig 3(b). Since the pixel 
array is one dimensional there is room for SRAM 34 and 
high voltage circuitry (not shown). This substrate is cov- 
ered by an upper glass plate 36 coated uniformly with 
ITO to make one large transparent electrode. The poly- 
mer dispersed LC composite material 38 is sandwiched 
between them. The polymer dispersed material contain- 

ing a nernatic LC (with positive dielectric) anisotropy 
may take the forms shown in Fig 4 or Fig 5. 
[0033]    Firstly, considering Fig 4(a), this shows the 
director configuration within the droplets 40 in the field- 
off condition. This type of droplet director configuration 
is known as bipolar. In the absence of an electric field 
the bipolar axis of each droplet is assumed to be ran- 
domly oriented. The direction of this axis is assumed to 
be determined by a slight elongation of the droplet 
which results in the bipolar axi~’;-along the long axis, 
and/or the random pinning of the director on the interior 
surface of the droplet wall. Light i~pinging On t~is mate- 
rial may encounter small enough scattering centres 
(close to 50rim) to be suitable for Rayleigh scattering. 
The scattering is therefore very low especially at tele- 
comms wavelengths (1550 and 1320nm). Since the 
bipolar axes are randomly oriented the refractive index 
encountered by the incoming light is polarisation inde- 
pendent. An applied electric field couples to the LC die- 
lectric anisotropy and exerts an electric torque on the 
directors. This is balanced by an elastic torque gener- 
ated by the distortion of the director pattern away from 
its equilibrium position. The balance of these two forces 
determines an equilibrium position of the director and a 
rotation of the bipolar axis towards an orientation nor- 
mal to the plane of the SLM. The device is thus able to 
provide analogue modulation of the .refractive in.dex, .. 
and hence phase-delay, encountered bythe incoming 
light. Fig. 4(b) shows the final switched configuration in 
which voltages of different magnitudes have been 
applied to different pixels 42 to produce several different 
regions 44 of PDLC, with different switched states, and 
hence a phase pattern suitable to diffract light into first 
order- spot with high efficiency. Dependent factors for the 

success of this technology may be random orientation 
of bipolar axes, and.a polymer matrix which is insensi- 
tive to polarisation direction. 

[0034]    Another model for this device is shown in 
5 Figs. 5(a), and (b). Here the droplets 50 contain liquid 

crystal director configurations resulting from normal ori- 
entation of the directors at the LC/polymer interface. 
The resulting configuration is shownpic.torially in Figu~’e 

¯ 5(a) and is described as being ’radial’. Within one drop- 
lO let the molecular directors adopt all possible orienta- 

tions and the device in this State is polarisation 
insensitive to the incoming light 52. With the application 
of an electric field E across electrodes 54 the director 
configuration within the droplet distorts to a new equilib- 
rium value which changes as E increases towards the 
final ’axial’ configuration shown in Fig 5(b). Since light 
impinging normally at a spatial light modulator interface 
travels along the axial direction, as shown, the director 
configuration in all Surrounding droplets is identical and 

2o the device remains polarisation insensitive. This is also 
true at intermediate values of E since the director con- 
figuration is assumed to distort symmetrically between 
the radial and final axial configuration as shown. The 
distortion in director profile as E increases does how- 

25 ever have the effect of changing the effective refractive 
¯ index experienced by the incident light, and thus once 
again the phase delay encountered by the light passing 
through this device can be modulated in a polarisation- 
insensitive way. 

3o. [0035] A polarisation insensitive amplitude modula- 
tor which could be idealised as being transparent in the 
field on state and highly absorbing in the field off state 
can be fabricated by the addition of a dichroic dye com- 
ponent to the above-described structures. Figures 6(a) 

35 and (b) show schematically a guest-host struct~ure. The 
:::! dye would be presen{ as a guest within the LC system 

and as in typical LC dye guest-host systems would ori- 
entate its long axis parallel to that of the LC material. 
The dye molecule 60 would then follow the motion of the 

4o surrounding LC molecules 62 as it is turned in an 
applied electric field. Dichroic dyes typically exhibit 
maximum light absorption when the incident light is 
polarised so that its electric field component lies parallel 
to the dye/LC molecular long axis as shown schemati- 

45 cally in Fig. 6(a). Conversely its minimum absorption 
occurs when the incident light has it’s electric field lying 
perpendicular to the long axes as shown in Fig. 6(b). 
Such a device provides a polarisation independent light 
shutter, which is potentially brighter in the bright state 

50 than for example any such device which involves 
crossed polarisers. It may also be possible to tailor the 
dye to the wavelength of interest. The main difficulty to 
overcome is to ensure that the dye and liquid crystal 
come out of solution as much as possible during the 

55 polymerization process. 
[0036]    One particular use of devices such as are 

described above is .i~ .spatial light modulators (SLMs), 
an example.of which Will now be described with refer- 
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ence to Figures 4 and 7. 

[0037]    Spatial light modulators (SLMs) are devices 

which modulate the properties of light incident upon 

them. They may modulate amplitude, phase or polarisa- 

tion state, and at their core is a material which exhibits 

an electro optic effect such as a liquid crystalline sub- 

stance. LC SLMs may consist of a LC enclosed 

between glass plates coated with ITO (see Figures 4a 

and 4b). The ITO provides electrodes for addressing the 

LC whilst being transparent to visible light. Alternatively 

SLMs may be based on silicon substrates which may 

operate in reflection or transmission. Such devices used 

in reflection may’use aluminium layers as electrodes for 

the LC overlaid on them which function also as mirrors 

for the light reflection. The AI pixels are connected to 
individual circuitry in the silicon backplane. The advan- 

tage of such technology is the density of circuitry which 

is possible. When used to produce phase holograms 

FLCs are commonly employed: The advantages of 
FLCs over other phase modulating LC effects are speed 

and the fact that the effect is polarisation-insensitive. 

The helical FLC material, encased within a SLM such 

that its helix is suppressed, may be switched between 

two states. The two states represent the effective phase 

delays of 0 and ~. Any holographic image produced by 
this arrangemen~ is thus limited by the simple binary 

nature of the display medium. The limitation placed on 

the applications of such a binary phase medium may be 

illustrated by consideration of its use in a free space 

optical routing switch such as might be used in tele- 

comms applications. 

[0038]    One object is to route an input optical signal 

from one fibre to any of the output fibres by the use of 

diffraction patterns displayed in the SLM. Light incident 

on the slm from the input fibre is ’steered’ by the SLM to 
the output fibres. ILIowever when such a hologram is 

generated by a binary phase medium the replay field 

contains the diffracted spot (plus _higher orders) plus it’s 

inherent symmetric orders. This is a problem in two 

respects. Firstly, it limits the maximum efficiency of I!ght 

coupling from the input fibre to the output fibre via the 

first order diffraction peak to no greater than 41% due to 

light directed to the zero and inverse orders being lost. 

Secondly, it reduces the area of the replay field that is 

useful to the device. In comparison the introduction of 

an extra level of modulation to four or more allows, to a 
large extent, the removal of the unwanted orders from 

the replay field, the maximum efficiency of a four-lev.~?l.. 
hologram being 81%. Alternative LC technologies which 

would provide the multiple phase levels required (such 
as obtained by the nematic and deformed helix mate- 

rial) suffer greatly from the fact that their operation is not 

polarisation-insensitive and hence not as suitable for 

telecomms applications for which the polarisation state 

of the incoming light is unknown and variable. 

[0039] Apart from the existence of symmetric 

orders in the replay field the current FLC technology 

available for this application is limited in several other 

_ways. Whilst the absolute efficiencY of the device has 
been stated as 41% currently itmay be less than this if 

the FLC parameters are not ideal. For maximum effi- 

ciency operation the sample. must have a half wave 

5 thickness and the required tilt angle of 45 ~legs. Very 
few commercially available materials exist which pos- 

sess such high tilt angles and they suffer from the prob- 

lems that few exhibit pitch lengths of sufficient length for 

easy helix suppression, the lack of a smectic A phase 

10 leading to difficulties in achieving bistability rather than 
monostability, and the fact that operation at telecomms 

wavelengths (1550 and 1320nm) requires thicker sam- 

ples for half wave operation and hence greater difficulty 

in obtaining good alignment quality and electric fields of 

suitable.magnitudes using current VLSI technology. 

[0040]    Hence devices based upon alt6rnative LC 

technologies, which are able to provide both analogue 

phase modulation from 0 to 2~ and polarisation insensi- 

tive operation, are advantageous. 

[0041]    Two examples of binary phase spatial light 

modulators used for beam steering purposes are given 

in Figures 7(a) and 7(b) below. Figure 7(a) illustrates the 

use of a transmissive glass SLM for beam steering. It 

comprises, two glass plates 70 coated with a layer of 

¯ 25 ITO, a transparent conductor. The ITO layer on one of 

the two .glass plates has been etched in order to define 

a row of individual pixels. The other plate is not etched 

and the ITO layer provides a common ground to all of 

these pixels. The gap formed by the assembly of these 

3o plates is filled with a FLC material 72. Each pixel in the 

resulting SLM is electrically addressed individually and 
holographic patterns are displayed on the device by 

Computer 74 control of the pixel switched states. Light 

76 incident from the input fibre onto the SLM is both 

35 transmitted and diffracted through lens 75 into several 

diffraction orders. The first order diffraction peak 78 is 

used to couple light into any one of an array 80 of output 

fibres. By variation of the pattern displayed on the SLM 

the first order peak is diffracted into different angles so 

4o that it is made to be incident on any chosen output fibre. 

Thus this device allows the "beam steering" and hence 

routing of optical signals. Figure 7(b) shows the same 

basic design transformed into a reflective device by the 

use of a silicon back plane in place of the pixellated 

45 glass plate. The incoming signal is now both reflected 
and diffracted by the reflective SLM 82, through lens 

84,and the .output fibre array 86 is located next to the 
input fibre 88. By suitable addressing of the glass SLM, 

and suitable electronic design of thesilicon back plane 

50 device, multiple voltage levels may be applied to individ- 

ual pixels, allowing for the potential development of 

these designs into multiple rather than binary phase 

arrays. Telecomms switches can be envisaged, using 

this technology, which have one Input channel switcha- 
55 ble to N output channels or N input channels switchable 

to any of N output channels (where N is a whole 

number). The use of material which can exhibit ana- 
logue phase variations, such as is potentially exhibited 
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by the materials described herein, can result in the 
development of efficient phase holograms suitable for 

this application and many others such as optical corre- 

lation, WDM filtersand projection displays. 

Claims 
11. 

3~ 

A light modulator for modulating the phase of inci- 

dent light in an analogue manner, the modulator 

comprising an active electro optical layer of poly- 10 12. 

mer-dispersed liquid crystalline (PDLC) material 

sandwiched between two electrode layers, at least 

one of which is transparent to the incident light, 

wherein the PDLC material contains liquid crystal 13. 

droplets located substantially randomly within the 15 

activelayer and having a length.less than the wave- 
lengthof the incident light, such that the application 

of an electric field across the electrodes influences 

the director configurations of the droplets to modify 14. 

the average refractive index of the active layer, and 2o 

therefore modulates the phase of the incident light 

in an analogue manner. 

A modulator according to claim 1, wherein the mod- 

ulator modulates the phase of the incident light, in a 25 

polarisation-independent manner. 

3O 

A modulator according .to claim 1 or claim 2, 

wherein the application of the electric field distorts 

the director configu[ations of at least some of the 
droplets. 

4. A modulator according to claim 3, .wherein the 
extent of the distortion is a function of the applied 

field. 35 

6o 

A modulator according to any of claims 1 to 4, 
wherein the light modulator is arranged to modulate 

the phase of transmitted incident light. 

A modulator according to claim 5, wherein both 

electrode layers are transparent. 

A modulator accor~ling to any of claims 1 to 5, 

wherein the modulator is arranged to modulate the 

¯ phase of reflected incident light. 

4O 

A modulator according to claim 7, wherein one of 

the electrode layers is arranged to reflect the inci- 

dent light which has passed .through the active 

layer. 

50 

8o 

9. A modulator according to any of claims 1 to 8, 

wherein the or each electrode layer comprises a 

substrate of glass or silicon. 55 

1=3. 

a glass substrate coated in Indium-Tin oxide (ITO) 
or a silicon substrate which is tran’sparent at tele- 
communications wavelengths. 

10. A modulator according to any of claims 1 to 9, 
wherein the transparent electrode layer comprises 

A modulator according to claim 7 or claim 8, 

wherein the reflective electrode comprises a glass 

or silicon substrate coated,in a reflective, conduc- 

tive material, such as a metal. 

A modulator according to any of claims 1 to 11, 

wherein the liquid .crystal material is a nematic 

material. 

A modulator according to any of claims 1to 12, 

wherein the modulator forms an optical switch such 

as a spatial light modulator (SLM) for the holo- 

graphic routing of optical signals.           " " 

A modulator according to any of claims 1 to 13, 

wherein at least one of the electrode layers has 

formed upon it individual electrode elements, which 

are addressable individually or collectively and 

which form a one or two dimensional array. 

A method of modulating the phase of light in an 
analogue manner, the method comprising c~using 

the light to be. incident upon a modulator device 

comprising an active electro optical layer of poly- 

mer-dispersed liquid crystalline (PDLC) material 

sandwiched between electrode layers, at least one 

of which is transparent to the incident light, wh-erein 

the PDLC material contains liquid crystal droplets 

located substantially randomly within the active 

layer and having a length less than the wavelength 

of the incident light, and applying an electric field 

across the electrodes to influence the director con- 

figurations of the droplets so as to modify the aver- 

age refractive index of the activei¯region, and 

thereby modulate the phase of the incident light in 

an analogue manner. 

A method according to claim 15 comprising modu- 

lating the phase of the incident light in a polarisa- 

tion-independent manner. 

17.¯A method according to claim 15 or claim 16 com- 

prising distorting the director configurations of at 

least some of the droplets. 

18. A method according to any of claims 15 to 17, 

wherein the extent to which the director configura- 

tions become distorted is a function of the applied 

field. 

19. A method according to any of claims i5 to 18 com- 

prising addressing individually or collectively elec- 

trode elements formed on at least one of.the 

electrode layers, so as to apply electrical fields of 

7 
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differing strengths to different regions of the active 

layer. ..,,~ii~ ...... 
~!,~. 
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25 

BEAM STEERING DEVICE 

The present invention relates to a beam steering~ 

device, to a method of steering a beam of light and to a 

routing switch..~:~: 

Beam steering may be effected by liquid crystal over 

silicon spatia! light modulators (SLMs) consisting of an 

array of pixellated elements, each formed by a back- 

reflecting electrode, a fr0nt-electrode on a cover glass 

that is often common to al! the pixels, and ir~between the 

twoelectrodes a layer of liquid crystal to which an 

electric field is applied using the front and back 

electrodes. There may also be intermediate opticallayers 

between the liquid crystal and back electrode. The drive 

circuits for the back and front electrodes may form part of 

an underlying Silicon backplane, or be disposed on that 

backplane. Optical quality.planarisation, as is required 

in VLSI manufacturing to enable sub-micron optical 

lithography, can be used over the drive circuit components 

such that the back electrodes are depositedon an optical 

quality surface and therefore may act also as a high 

quality mirror. In certain SLMs, the main subject of this 

invention, individual back electrodes are isolated 

electricaliy by a ’dead-space’ formed between them, for 

,-example by etching. 

30 

Such SLMs may’be formed using a silicon process to 

provide a liquid crystal over silicon, spatial light 

modulator. In such a .device, typically the widthof the 

dead-space is between one andtwo times the minimum feature 

size of the CMOS process. 
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SLMs using liquid crystals are attractive for signal 

processing applications in that they allow modulation of 

light phase and/or amplitude and/or birefringence. Both 

binary phase and multiple (>2 levels) phase modulation can 

be implemented in a polarisation-independent manner, 

allowing the"-c0ns~ruction of. beam-steering devi.ces for 

communications routing applications. Multiple-phase 

modulating arrays are particularly attractive for optical 

routing applications because they can be .used to mimic the 

effect of a tiltable mirror and steer beams between 

source(s) and receiver(s). Beam steering devices usin~ 

SLMs display hologram patterns on arrays of Pixellated 

elements with the pixels being separately controllable so 

as to select the pitch of the hologram grating. By using 

mu!tiple~phase!iquid crystals the phase difference from 

pixel-to-pixel can be controlled as desired. Critical 

performance requirements for optical routing.are insertion 

loss, crosstalk, switch reconfiguration time and physical 

size, the latter especially so in metro area applications 

where routing nodes may often belocated in customer 

premises. 

Crossbar s~itch design studies show that the physi’cal 

25 length of a switch is proportional to the square of the 

pixel pitch. Other types of routing architectures hav~ 

lengths that may ~be linearly proportional to the pixel 

pitch. Hence compact optical switches will require SLMs 

with very small pixels. However, the insertion loss is 

30 also an important, parameter: for multiple phase modulating 

SLMs, the fundamental limit to the insertion loss is setby 

the relative widthof the dead-space,, compared to the pixel 

pitch. Practically this sets a lower limit to the pixel - 
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pit’ch and hence to the switch physical size. One way to 

overcome this limit is to use a CMOS process with a smaller 

feature size and hence reduce the dead-space width, which 

allows a reduction in the pixel pitch .for the same 

5 insertion loss penalty. However, smaller CMOS processes 

are associated with lower operating voltages and hence may 

requirea thicker cell for the same range of phase 

modulation. This. increases the switch reconfiguration time. 

Although this problemj may be addressed by. higher supply 

l0 voltages and high voltage transistors, the maximum 

available voltage still decreases with.reducing feature 

size. Another problem with the dead-space is what happens 

to the light that passes through: it may bounce around 

inside the substrate and emerge elsewhere (coming back out 

15 through another dead-space) causing crosstalk. 

2O 

25 

3O 

A paper entitled "A diffraction based polarisation 

independent light valve" (D. Ulrich, C. Tombling, J. Slack, 

P. Bonnett, B. Henley,~ M. Robinson and D. Anderson) was 

presented at a meeting of the Institution of Electrical 

Engineers on 17th .March 2000. This paper discusses the use 

of diffractive LC light valves for projection displays and 

projection and viewer systems. Inca device having front 

electrodes in- the formof plural linear strips, and plural 

rear pixel electrodes defining the pixels, with the front 

and rear electrodes sandwiching-a liquid crystal, it is 

acknowledged that to provide high contrast ratio the gaps 

between the pixels should have an underlying mirror. In 

the described light valve, the period of the grating is 

fixed as the pitch of the front @trip electrodes. Control 

of the voltage on the rear electrode is used to create a 

fixed pitch grating of variable efficiency. In the 

described embodiment, there are four front electrodes per 
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pixel. Where these front electrodes are driven with +V, - 

V, +V, -V, it will be seen that to the side of the inter- 

pixel gap there will be one front electrode at +V and one 

front electrode at -V. The effect of the underlying mirror 

electrodes in the inter-pixel gap is said to be to minimise 

diffraction. It is suggested in the paper thaZ the 

underlying mirror could be included in a VLSI backplane by 

modifying the lightshield processes used to protect the 

silicon devices from visible radiation. 

An embodiment of the described method of the present 

invention exploits .correlation effects between the director 

orientation of adjacent liquid crystal molecules and¯ also 

the potential for multiple overlying layers of circuitry in 

state-of-the-art CMOS manufacturing. 

20 

25 

30 

Embodiments of the invention provide three significant 

improvements in device performance by making the dead-space 

reflective. In a first embodiment the-loss penalty due to 

the dead-space is reduced significantly, in a second 

embodiment, for an acceptable !oss penalty, much smaller 

pixe!s may be used, allowing the fabrication of much more 

compact optical switches. -In a third embodiment, for an 

acceptable loss penalty, larger CMOS processes may be used 

allowing the fabrication of switcheswith a faster 

reconfiguration time (see¯ above). Embodiments also provide 

improved crosstalk as theolight incident on the dead-space 

is reflected back out again instead ofbouncing around 

inside thesubstrate. 

According .to a first general aspect of the invention 

there is provided a de~ice for steering a beam of light, 

the device comprising an array of elements, said beam of 
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light being incident upon said array of elements, each 

element having a reflective back electrode and a front 

electrode, the back and front electrodesbeing disposed 

respectively.behind.and in front of a liquid crystal layer, 

the back electrodes being .spaced apart to define said 

array, and a reflective layer disposed behind the back 

electrodes to reflect light incident in the spaces to 

between the back electrodes substantially in phase with the 

light reflected from the back electrodes. 

The beam steering, device of the invention allows a 

ramped phased shift, for example a piecewise linear phase 

distribution, tobe created across an array of elements to 

direct the beam of light incident on the array to the 

15 desired direction. Thus the device of the invention is 

capable of routing light beams to selectable directions by 

setting up a desired phase distribution across an array of 

phase modulating elements, and using that distribution 

across the array to steer light incident upon the array. 

20 Although the voltages to create the phase shifts may be 

spatially periodic, the.-physical form of the device does 

not constrain the spatial periodicity nor the phase 

distribution, exceptingthe constraint of the maximum 

available phase modulation. In the context of a display it 

25 is desirable to create a white pixel on a screen by 

deflecting a beam incident on a single pixel electrode by a 

first fixed amount, and to create a black pixel on the 

screen by specular reflection of that beam, followed by its 

absorptlon: this desideratum can be met by a fixed 

30 diffraction grating per. pixel which can be turned on or 

off. It will be appreciated by those skilled in the art 

.that while a fixed grating can be used to switch between 

two directions, it is not capable of switching between 
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several different directions. For multidirectional 

steering, a fixed grating is inappropriate. 

In one embodiment there is provided a single front 

electrode per element. 

In a preferred embodiment,~ the front electrode is. 

common to the array of elements. 

i0 

15 

In one embodiment the device has drive circuitry on a 

substrate, and a planarising layer disposed on said drive 

circuitry, the back electrodes are disposed onsaid 

planarising layer, and respective wirings pass through the 

planarising layer from the back electrodes to the drive 

cirQuitry,’ and a portion of the drive circuitry provides 

the reflective layer. 

2O 

25 

30 

In another embodiment drive circuitry is disposed on a 

substrate, and a planarising layer is disposed on said 

drive circuitry, wherein said back electrodes are disposed 

on said layer, respective wirings passing through said 

planarising layer from said back electrodes to said drive 

circuitry, and.wherein said reflective layer is disposed 

within said planarising layer. 

In yet another embodiment drive circuitry is disposed 

on a substrate, a firstplanarising layer is, disposed on 

said drive circuitry wherein said.reflective layer is 

disposed on said first planarising layer, and a second 

planarising layer is disposed on said reflective layer and 

said first planari~ing layer wherein said back electrodes 

are disposed on said second planarising layer, wherein 

TS0000371 



WO 02/079870 PCT/GB02/01464 

-7- 

respective wirings pass through said planarising layers 

from said back electrodes to said drive circuitry. 

Advantageously a further planarising ’layer is disposed 

5 over or leve! with said back electrodes. 

Conveniently a waveplate is disposed over said back 

electrodes. 

l0 Conveniently said reflective layer is composed of 

.metal. 

15 

In one embodiment said reflective layer extends only 

to substantially fill said spaces between said back 

electrodes. 

In another said reflective layer extends beneath.said 

back electrodes. 

20 In yet another said reflective layer extends only 

partway across said spaces. 

25 

Conveniently the device further comprises circuitry 

for connecting at least a portion of said reflective layer 

to a selected potential. 

In another embodiment, each element has plural front 

electrodes. 

30 According to a second aspect of the invention there is 

provided an optical routing switch comprising at least one 

beam st~eering device_~.. -[.inacc°rdance.. with the first aspect of 
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25 

According to a third aspect of the invention there is 

provided a method of steering light having a first 

direction to a desired second direction, the method 

comprising: 

causing a beam of said light to be incident upon a 

reflective liquid crystal device; 

selecting a desired spatial.phase modulation 

characteristic for said liquid crystal device thereby to 

provide a deflection from said first direction to said 

second direction; and 

providing a spatia! distribution of phase levels 

across said liquid crysta! device to at least approximate 

to said desired characteristic; 

wherein the step of providing a spatial distribution 

of phase levels~comprises driving .said liquid crystal at 

sequential spaced driving locations to produce rising 

discrete phase levels; and 

smoothing transitions in phase between said spaced 

driving locations by providing further locations between 

said spaced driving locations, and reflecting said light 

through said liquid crystal in said further locations. 

By this means,, even though the phase levels are 

discrete steps, the transitions are smooth and in 

embodiments this.increases diffraction efficiency. 

30 

Conveniently said step of driving said liquid crystal 

comprises providing electrodes at said discrete driving 

locations, and applying voltages to sequential electrodes 

tocause said rising phase levels due to the liquid 

crystal.                        : 
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Conveniently said step of smoothing comprises 

providing spaces between the electrodes at said further 

locations and providing reflective elements in the spaces 

and behind the electrodes. 

10 

By making use of the dead spaces between the 

electr0des~’ the performance of the SLM canactually be 

increased over an ideal SLM having no dead spaces between 

electrodes having discrete voltages applied thereto. 

15 

In one embodiment said electrodes are reflective 

whereby said liquid crystal device is reflective. 

In another a refiective layer is disposed behind the 

electrodes whereby said liquid crystal device is 

reflective. 

2O 

The step of providing reflective elements preferably 

comprises disposing the reflective elements at a distance 

behind said~electrodes such that light reflected thereby 

leaves said liqui~ crystal device substantially in phase 

with light reflected by said. electrodes. 

25 Exemplary preferred embodiments of the invention will 

now be described with reference to the accompanying 

drawings, in which: 

Figure i shows the relationship of insertion loss to 

pixel pitch and dead-space width;~ 

Figure 2A showsthe index ellipsoid in the bulk of the 

cell that is away from the influences of the alignment 

layers and under no-field conditions; 

TS0000374 



5 

15 

2O 

25 

WO 02/079870 PCT/GB02/01464 

-10- 

" Figure 2B shows the direction of tilt variation under 

applied field conditions; 

Figure 3 is a partial cross-sectional schematic view 

through an SLM showing varying alignment with back 

~lectrode potential per pixel; 

Figure 4 shows a graph comparing ideal phase 

modulation with 8-phase level modulation; 

Figure 5 shows the loss penalty for one-dimensional 

phase modulation due to inter-pixel dead-space; 

Figure 6 shows a cross-sectiona! view and an elevation 

of a first embodiment of a beam steering device with 

~reflecting dead-space in accordance with the invention; 

_.Figure 7 shows a cross-sec~ional view and an elevation 

of a second embodiment of¯a beam steering device with 

reflecting dead-space in accordance With the invention; 

Figure 8 shows a cross-sectional view and an elevation 

of a third emb0~iment of a beam steering device with 

reflecting dead, space in accordance with the invention; 

Figure 9 shows a partial cross-sectiona! view through 

a beam steering device in accordance with theinvention 

showing the effects of off-normal incidence; and 

Figure i0 shows a further embodiment of a beam 

steering device accordance with the invention, in which a 

portion of the reflective layer is isolated from other 

portions, and connected via circuitry to a selected 

potential. 

3O 

In the various figures, like reference numerals refer 

to like parts. 

In the following paragraphs~the insertion loss 

penalties and lower limits to the pixel pitch imposed by 
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thedead-space as currently fabricated are described and 

quantified. 

The effect of the dead-space on the diffraction 

5 efficiency is ¯analysed by considering the modulation at the 

SLM (one or more of amplitude phase and birefringence) as 

the product of the modulation of an ideal SLM (with no 

dead-space) and a pixel ’window’ function that has the 

value of 1 over the back electrodes, and 0 over the dead- 

I0 space. To this product is-added the modulation appli¯ed by 

the dead-space to whatever light is reflected from the 

optical planarising layer-that is exposed between the back. 

electrodes-. Since this planarising layer may be quartz 

~with a refractive index c!ose to that of the liquid 

15 crystal, it may be assumed to a first approximation that 

none of the light incident on the dead,space isreflected. 

Fourier analysis then shows that the diffraction efficiency 

into the intended beam-steer±ng direction is reduced for .a 

2-D array of square pixels by a factor given in equation 

20 (i), where d is the width of the dead-space and p is the 

pixel pitch. 

25 

3O 

actual 2-D efficiency = (l-d/p)~ . efficiency of ideal SLM 

(i) 

Referring to Figure l, the reduction factor is plotted 

as an insertion loss penalty (in dB) as a function of the 

pixel pitch, and for dead-space widths of 0.14 ~m,. 0.26 ~m, 

0.5 ~m, corresponding to twice the minimum ~eature size of 

70 nm, 0.13 ~m and 0.:25 ~m CMOS processes respectively. 

This insertion loss penalty is for a ¯single SLM. 
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However in many routing.devices two SLMs are provided, 

and hence the switch insertion loss penalty would be twice 

the value shown in Figure i. 

5 For the example of a 3 ~m pixel pitcht the insertion 

loss penalty in a crossbar routing switch would be 6..3 dB 

for a dead-space width of 0.5 ~m, decreasing to 3.1 dB and 

i.6 dB for de&~pace ~idths of 0.26 ~m and 0.14 #m, 

respectively. ~he physical l~ngth of the beam-steering 

i0 region inside such a crossbar switch is proportional to the 
square of the pixel pitch, and hence there is a direct 

trade-off between size and insertionloss. 

15 

2O 

For a I-D array of (rectangular) pixels, the 

diffraction efficiency into the intended beam-steering 

direction is reduced by a factor given in equation. (2). 

actual I-D efficiency = (1-d/p) 

(2) 
efficiency of ideal SLM 

.~ Hence the loss penalties for 1-D phase modulation can 

be Obtained from Figure 1 by halving the value shown in the 

graph. 

25 Next isan explanation of the physics of polarisation- 

independent multiple phase modulation and a description of 

how the. liquid crys{al tends to behave in~ the regions 

between electrodes, i.e. above the dead-sPace, assuming 

that alignmentis good. andthe dead-space narrow enough 

30 such that-random domains or disclinations.do not appear in 

this region. 
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As.discussed in our co-pending patentapplication WO 

01/25840, multiple phase modulation is conveniently 

achieved in .liquid crystal by aligning the material such 

that under an applied field, the director (or more properly 

the uniaxial axis) changes its tilt in a plane 

perpendicular to the front and back electrodes. 

Polarisation-independent operation of a beam-steering SLM . 

for routing applications may be achieved by depositing a 

quarter-wave plate on top of the back electrodes, with the 

orientation of the quarter=wave plate axes such that light 

polarised in the plane of the tilt of the director is 

reflected back through the SLM with its plane of 

polarisation perpendicular to the plane of the tilt, and 

vice versa. 

Light travelling ’through a crystalline medium can be 

considered as the superposition of two propagating modes. 

These two modes trave! along withdifferent phase 

velocities, ~that may be calculated using the geometric 

20 construction of the index ellipsoid (indicatrix). A 

uniaxial medium is chara~terised by an indicatrix that is 

an ellipsoid of revolution’ around an axis that is usually 

parallel to the director of the liquid crysta!. The long 

axis of the ellipsoid has a length equal to the 

25 extraordinary refractive index n~, whereas both short axes 

lie normal to the long axis taking the same length, no 

(ordinary refractive index), as shown in Figure 2A. 

Construct a plane perpendicular to the wavefront 

propagation vector. The intersection of this plane with 

30 the ellipsoid defines an ellipse (index ellipse). The 

directions of the major and minor axes of this ellipse 

define the two orthogonal polarisation modes, while the 
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lengths of these two axes define the refractive index 

experienced by the corresponding mode. 

Where the liquid crystal cell type to be used is a 

5 variable birefringence cell, what~is required from the cell 

structure is that it-should be capable of ’out-of-plane’ 

tilt, where the plane refers ~o the plane of the cover 

glass.. Sui£able cell structures are the planar-to- 

homeotropic Freederickz cell, a ~ cell and a HAIq (Hybrid 

I0 Aligned Nematic) cell. Vertically aligned nematics may also 

be used.’ Similar cells employing twist as well as an out- 

of-plane tilt may be suitable. An example of twist is a 

twisted nematic cell in which thedirection of uniaxial 

alignment on the front cover glass is orthogonal to that on 

15 the rear cover glass, although in both cases the alignment 

is in a plane parallel to the cover glass.- 

Forthe Freederickz cell, when no electric field is~ 

applied the index ellipsoid is alignedwiththe long axis 

20 parallel to the cover glass~by employing suitable alignment 

layers. However, when field is applied across the materia! 

the director-tilts away from the ~lane of the cover glass 

and towards the direction of the applied field. With 

continued reference to Figure 2A,. define the two short axes 

25 of the index ellipsoid to be in,. and perpendicular to, the 

plane of the cover glass respectively. Let the vector unit 

~ be parallel to the short axis in the plane of the cover 

glass, the unit vector ~ be perpendicular to the cover 

glass, and define the unit vector x so that ~,    and ~ form 

30 an orthogonal right-handed set. Henc@. the long axis Of the 

index ellipsoid is always in the x-z plane. ~i~ 
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Referring now to Figure 2B, let the initial alignment 

direction of the long-axis of the index ellipsoid bein the 

x direction. On application of any electric field in the z 

direction (normal tothe glass), the long axis rotates in 

the x-z plane by angle e. By considering the index 

ellipsoid, it is clear that for light polarised in the ~ 

direction, the .same effective refractive index, .no, is 

experienced, independent of e. However, light polarised in 

the xdirection experiences a modified refractive index, =in 

I0 depending on e. Changing the strength of the applied field 

changese, and hence changes the refractive index 

experienced by the light polarised in the ~ direction. In 

this waythe phase, of components of light travelling along 

the ~ direction is modulated in a continuous (analogue) 

15 way. 

Consider linearly polarised light passing through such 

a liquid crystal, behind which there is a quarter-wave 

plate and then a mirror. :On. the.way towards the quarter- 

20 wave plate and mirror, the polarisation component polarised 

in the ~ direction experiencesthe applied index change (or 

phase modulation), denoted by nA~p, while the component in 

the ~ direction does not, and instead experiences a 

refractive index, no, that is:independent of the applied 

25 field. The orientation of th~ quarter-wave plate is such 

that these two polarisation Components are exchanged. 

Hence the one component perceives the applied phase 

modulation on propagation towards the quarter-wave plate 

and mirror, while the orthogonal component perceives the 

30 (same) applied phase modulation after reflection from the 

mirror and passing back through the quarter-wave plate. 
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Hence the phase modulation is polarisati0n-independent, as 

may be proved by Jones matrix analysis. For a liquid 

crystal layer thickness~of t, both polarisation components 

will perceive a net phase modulation of 2re(n0 + nApp)t/A, 

where nApp is a continuous function of the applied voltage. 

15 

2O 

25 

3O 

~ Referring again to Figure 2A, let the planes of the 

front and back electrodes be parallel to the xy plane and 

let the director tilt be in the xz plane. In Figure 3, now 

consider a cross-sectional plane through the liquid crystal 

3, again parailel to the xy plane and at a distance Z from 

the back electrodes 2. The back electrodes 2 are 

pixellated. To steer a beam incident on an area of the 

modulator to a desired target direction, a spatiilly- 

varying phase modulation characteristic is selected to 

provide the desired deflection, thus to cause the device to 

mimic a tilted mirror. Then, the array of back electrodes 

defining the phase modulating elements of that area are 

operated so as to cause the phase modulatlon applied by the 

overlying liquidcrystal to approximate the desired 

characteristic. This is achieved by applying step voltages 

to ~sequential back electrodes, the voltages stepping, from a 

selected minimum up to a level at which the overlying 

liquid crystal is providing a selected maximum phase shift. 

The step voltages repeat across the array, so that the 

voltage characteristic is~typically spatially periodic. The 

number of back electrodes per spatia! period is variable 

according t0 the desired characteristic. The number will 

also be dependent on the resolution of the device. The 

smaller the electrodes, the closer the approximation can be 

to the desired characteristic. 
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A second beam incident on a second spatially distinct 

area of the device is steered to a different direction by’ 

selecting a different phase characteristic for that second 

area. Th±s second area is likely to have a different 

distribution of voltages. Therefore in front ofeach 

particular back electrode the liquid crystal director will 

have a tilt 4A-4C specific to the applied field. Although 

this tilt varies with the distance Z from the back 

electrode, across any pixel and at any fixed Z the tilt is 

substantially uniform~ In practice there may be edge 

effects such that the tilt in front of the edges of each 

pixel is’ modified due to correlations with the tilt in 

front of the ¯adjacent pixels, as will be described next. " 

15. 

2O 

25 

3O 

In addition to a.dependence on an applied electric 

field, the director orientation also depends on the 

orientation of its neighb0uring molecules, i.e. the 

orientations are correlated, due to elastic forces, with-a 

typical correlation length of the order ofla micron, which 

is longer than the dead-space for typical sub-micron CMOS 

processes.      ~        if:       ~ 

There is no voltage applied-bythe dead-space and 

.hence the director orientation above the dead-space may be 

determined by the orientation, of the liquid crystal above 

the active pixels on either side of the dead-space, as well 

as by any fringe fields from these adjacent pixels. 

Additionally, the electric field inside the liquid crystal 

above the dead-space takes some average of the electric 

field above the two p!xels either side, enhancing the 

correlation and increasing the correlation length for the 

director orientation. 
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Therefore the phase modulation imposed by the dead- 

space may be considered to be some weighted average of the 

phase modulation imposed by the adjacent pixels, where the 

weight is likely to depend on the distance from each 

adjacent pixel. The simplest model for such behaviour is 

that the phase modulation varies linearly across the dead- 

space, as shown by the solid line in Figure 4 for the case 

of a regular 8 level I-D phase modulation. 

Referring now to Figure 4, a phase modulation 

characteristic is shown for a periodic eight-pixel 

distribution. The back electrode of the first pixel is 

provided with a voltage with respect to the front electrode 

so as to give rise to a selected minimum phase shift and 

sequentially adjacent pixels are provided with an 

increasing voltage differential with r~spect to the front 

electrode until the eighth pixel. At the eighth pixel the 

voltage on the back electrode with respect to the ~ront 

electrode is such as to provide near a selected maximum 

phase shift by the liquid crystal layer. So that the 

entire (here one-dimensional) array can providethe desired 

characteristic, the ninth pixel is provided with the same 

voltage conditions as the first pixel and the 

characteristic then repeats to the sixteenth pixel before 

again repeating. 

3O 

The following paragraphs describe the improvements in 

the insertion loss that would be obtained if the dead-space 

were altered so as to reflect the light incident upon it. 

This improvement is dueto the correlations in the molecule 

orientation caused by elastic and electric forces. 
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If the dead-space can be altered so as to reflect the 

light incident upon it, such that the reflected light is 

substantially in=phase with the light reflected from the 

active pixels, then the phase modulation created by. the 

director correlations can improve the device diffraction 

efficiency and can recover Some or most of the insertion 

¯ loss penalty due to the dead-space. Also shown in Figure 4 

is the ideal phase modulation distribution, as a dashed 

line. The lines in the figure show that the phase 

modulation above the dead-space is actually closer to the 

ideal distribution than it would be in the absence of any 

dead-space, except at the end of each cycle where there is 

a ’flyback’    For a regular I-D m-level phase modulation, 

with uniform phase modulation above the active area of each 

pixel,- and linearphase variation across the dead-space, as 

shown in Figure~:..4 for the example of m=8 and a period of 8 

pixels, the diffractio~ efficiencY into the first order can 

be derived using Fourier series analysis. The results show 

that apart from the flyback dead-space, the diffraction 

efficiency is improved by ideal reflecting-dead-space, 

compared to a device without any dead-space, and that this 

improvement increases with the value of d/p. The flyback, 

however, reduces the diffraction efficiency. Note that if 

more phase levels are available then fine adjustments of 

each level could be used to minimise the impact of the 

flyback dead-space and maximise the diffraction efficiency. 

Note also, that if the flyback is outside the active area 

of illumination, the efficiency penalty due to flyback is 

removed.                                                   -- 
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Assuming the ~ight reflected from the dead-space t0 be 

perfectly in-phase with the light reflected from the back 

electrodes, and that the reflectivities of the back 

electrodes and dead-space are identical, the residual 

insertion loss penalty due to thedead-space for the first 

(and strongest) diffraction order has been calculated and 

is shown in Figure 5 as a function of the pixe! pitch, for 

contours of the number of phase levels, and for a dead- 

space width of 0.5 Mm. The results show that the residual 

loss penalty decreases with the number of phase levels. 

This is because for.m phase levels then a fraction (m-l)/m 

of the dead-spaces acts to improve the diffraction 

efficiency while a fraction I/m~is flyback dead-~pace which 

decreases the diffraction efficiency.. Figure 5 also shows 

the insertion loss penalty for normal dead-space and a I-D 

SLM. All points on the graph were calculated .assuming that 

the number of phase levels is equal to the number of pixels 

per period. 

The results in the figure show clearly that thr~e 

significant improvements in de~ice performance may be 

achieved by making the dead-sPace reflective. Firstly the_ 

loss penalty due to the dead-space is reduced 

significantly. Secondly, for an acceptable loss penalty, 

much smaller pixels may be used, allowing, the fabrication 

of much more compact optica! crossbar switches, because the 

length of the beam-steering region is proportional to the 

square of the pixel pitch. Other routing architectures in 

which the physical length is linearly proportional to the 

pixel pitch may also thereby be more compact. Thirdly, ~he - 

results in the figure are for a dead-space width of 0.5 Mm, 

c~rresponding to a CMOS feature size of 0.25 ~m. 
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Comparison with~the results in Figure I, bearing in 

mind the need to halve the values on the graph to convert 

to I-D phase modulation, shows that the dead=space loss 

penalties for this width of reflecting dead-sPaTe are.. 

reduced to a similar level to those with a much smaller 

feature size of 70 nm, and ~hen~e a much lower available 

voltage.. Therefore the results show¯ that, for an 

acceptable loss penalty, .larger CMOS processes may be used 

allowing the fabrication of switches with a faster 

reconfiguration time as explainedpreviously. Therefore a 

reflecting dead-space facilitates improvements in switch 

insertion loss, physical size and switching time. The 

crosstalk is improved as the light incident on the dead- 

space is reflected back out again instead of bouncing 

around ±nside the substrate. 

2O 

While the above-described improvements in performance 

are specific to phase-modulating pixels, there are other- 

types of SLM for routing applications e.g. PDLC SLMs, in 

which the pixels modulate amplitude, and/or birefringence 

and/or phase. Such devices, may also be improved by makin~ 

the dead-space.reflective. 

25 

The following paragraphs, describe an exemplary device 

n which a layer of circuitry is used to reflect the light 

passing through the dead-space. 

CMOS fabrication processes allow several overlying 

layers of circuitry, with connections between the layers as 

30 necessary. Referring first to Figure 6, an SLM i0 has 

drive Circuitry30 associated with the VLSI backplane for 

.controlling phase changes in each pixel,- and a top layer of 

circuitry 20 i.e. the circuitry most distant from the 
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substrate, which may be optical quality metal, forming the. 

back electrodes and back reflectors. Over and between the 

back electrodes is a liquid crystal layer 24, and over the 

l±quid crystal layer is a transparent common electrode 

Iayer 25 deposited on a cover glass 26. 

The~top layer 20 is deposited on a first optical 

planarising layer 21 that.creates an.optically flat surface 

on top of the drive circuit components for each pixel. 

Connections are made between the drive circuits and back- 

electrodes. Reflecting dead-space is implemented by 

introducing an intermediate layer 22 of circuitry inbetween 

the back electrodes and the. drive circuitry 30. The 

intermediate layer 22 consists of a mesh 6f metal, which 

may be of ~optical quality, such that when Viewed normally 

(at. right angles to the plane of the electrodes) there 

appears to be continuous coverage of the substrate with 

meta!. 

20 The intermediate layer.22 is separated from the back 

electrodes and drive circuits by a second optical quality 

planarising layer 23. For optimum effects, the separation 

from the back electrodes is such that the light reflected 

from the dead-space is in-phase with that reflected from 

25 the back electrodes, taking into account the mean 

wavelength to be used and the mean angle of incidence. 

Hence the path length difference between the light 

reflected from the dead-space mesh and the light reflected 

from the back electrodes is an integral number of 

30 wavelengths, n, inside the optical media at the design 

wavelength and design angle of incidence. 
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However, in practice the devices are used for a range 

of wavelengths. Changing theactual wavelength from the 

mean design value changes the relative phase between the 

light ~reflected from the dead-space mesh and the light 

reflected from the.back electrodes, and hence results in 

partially destructive interference, thereby increasing the 

insertion loss penalty due to the dead-space. At a given 

wavelength difference from the mean design value, this 

effect ge~s     ~                                                     ~ worse as the integer n increases. Hence this 

integer, n, should be as small as possible in order to 

maximise the wavelength range of the device. 

In practice the back electrodes 20 have a finite depth 

of, typically,, a few 100’s of nanometres, Hence there will 

be inevitably some additional phase modulation applied by 

the depth of liquid crystal directly in between and below 

the top surface of the back electrodes. This could be 

avoided by depositing a very thin damascene layer on the 

back electrodes, as shown in. Figure 7. ’ This structure also 

has the advantage of providing a uniform surface for 

application of the liquid crystal alignment layer, and 

therefore should ensure good alignment of the liquid 

crystal above the dead-space. 

While Figures~,:~i!~~~i-~show the generic caseof an SLM 

with reflecting dead-space, for a polarisation independent 

multiple phase modulating SLM it is advantageous to include 

a quarter-wave plate 32 intermediate-the back electrodes 

and liquid crystal, as shown in Figure 8. Again, for 

successful operation of the quarter-wave plate and 

reflecting dead-space it maybe advantageous for there to 

be also a very thin damascene layer 31 between the back 

electrodes and quarter-wave plate, as shown in Figure 8. 
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Again such a structure would improve the quality of the 

alignment layer, used in this case to align, the quarter- 

wave plate. 

5 

I0 

15 

20 

25 

In theillustrated embodiment, the intermediate metal 

layer 22 extendsonly to fil! the space between the back 

electrodes, in other embodiments the metal may extend 

further. It will be understood however that if switching 

of the back electrodes takes place, it may be undesirable 

or desirable for the metal layer to extend beneath the back 

electrodes for capacitance effects. In yet another 

embodiment, the metal layer does not extend over the entire 

spacing between the back electrodes, but instead extends 

over part Of the spacing. 

In a further embodiment the reflecting layer could be 

formed by adapting the lightshield processes that may be 

used to protect the semiconductor devices in the substrate 

from visible light.                          ~ 

In an alternative embodiment, the beam steering device 

has plural front electrodes per.back pixei electrode.. 

Different voltages are applied to these front electrodes to 

vary the phase shift across the pixel so that there is a 

ramp across each pixel formed of upward (or downward) steps 

in accordance wihh the front electrodes. Hence instead of 

each pixel electrode representing a single step change in 

effect on the liquid crystal overlying it, the desired ramp 

in phase shift is more closely followed. As an example, 

where three front electrodes are provided per pixel 

electrode, the voltages applied to the front electrodes may 

be repeated across each pixel electrode, and be selected so 

that the centremost front electrode represents the core 
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voltage for the pixel, with the voltages on the adjacent 

front electrodes being respectively above and below that 

applied to the centremost electrode. Where the pixel 

electrodes rise.¯in voltage from one to the next, there will 

be one higher voltage front electrode to one side of the 

inter-pixel space, and one lower voltage front electrode 

the other side of the space. Consideration of this state 

shows that the average state of the liquid crystal device 

over the space will be such as to smooth the transition 

i0 between the pixels. 

15 

2O 

25 

In the described embodiment, the metal layer 22 

operates only as a reflective layer. To achieve this it 

may be left. electrically floating if desired, or it may be 

connectedto a desired potential. :In another embodiment, 

the metal layer is connected to a single selected potential 

to improve electrical operation. In yet another 

embodiment, the reflective mesh forming the layer 22 is 

interrupted and portions between back electrodes are 

mutually isolated and connected t~ different selected 

potentials, for instance a potential between the potentials 

of the two nearest back electrodes. This may affect the- 

edges. This latter embodiment is shown in Figure I0, in 

which one portion 40 of the mesh is isolated from the other 

portions, and circuitry 41 connects to a wiring on the 

substrate, ~in turn connected to a selected potential. 

3O 

In yet a further embodiment, there is no intermediate 

layer, but instead the drive circuitry extends into the 

spaces between the back electrodes and has a portion which 

forms ¯the reflective layer. 
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When used in a routing configuration the angle of 

incidence should be kept reasonably low. As shown in 

Figure 9, the effect of off-normal incidence is such that a 

fraction of the l±ght incident on the dead-space mesh is 

reflected back into the substrate from the rear side of the 

back electrodes. With continued reference to Figure 9, ~or 

a dead-space mes~ positioned a distance q behind the front 

surface of the back electrodes, and an angle of incidence 8 

measured inside the planarising layer, the light incident 

over a fraction 2q.tan @ / d of the dead-space is ’lost’ in 

this manner. The effect on the diffraction efficiency may 

be calculated using Fourier series analysis, and treating 

this light leakage as being equivalent to multiplying, the 

phase modulating hologram by another pixel ’window. 

function with an amplitude of zero over a fraction 2q tan 8 

/ dof the dead-space and an amplitude of unity elsewhere. 

Hence for I-D phase modulation and at a design wavelength 

the effect~of the angle of incidence is (to first order) to 

multiply the diffraction efficiency by a fahtor given, in 

eqn (3): 

actual I-D efficiency = (l-2.q.tan O / p) 2 

-normal incidmnce      (3) 
efficiency in 

25 Therefore increasing the angle of incidence reduces 

the diffraction efficiency~ The diffraction efficiency 

also decreases with the depth, q, of the planarising layer 

between the dead-space mesh and the back electrodes. Hence 

it is again advantageous to. keep as low as possible the 

30 integer number of wavelengths in the path difference 

~.between the light reflected from the dead-space and that 

r~flected from the back electrodes. 
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Reflecting dead-space SLMs may also be used with 

binary, phase devices based on in-plane tilt, although the 

physics of the phase modulation above the dead-space is 

different.                     . 

.     In an alternative solution, the back electrodes may be 

< ..~ ....pixellated, but adjacent electrodes., may be disposed in 
different planes to substantially eliminate dead-space. 

I0 

Although the embodiments are described as having a 

front electrode that is common to the pixel area, the 

invention is also applicable to Other situations. In one 

alternative, there is provided a single front electrode per 

15 pixel. 

20 

An embodiment of the present invention has been 

described with particular reference to the examples 

illustrated. However, it will be appreciated that 

variations and modifications may be made tothe examples 

described within the scope of the present invention. 
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I.    A device for steering a beam~of light, the device 

comprising an array of elements, said beam of light being 

incident upon said array of elements, each element having a 

reflective back electrode and a front electrode, the back 

and front electrodes being disposed respectively behind and 

in front of a liquid crystal layer, the back electrodes 

being spaced apart to define said array, and a reflective 

layer disposed behind the back electrodes to reflect light 

incident.in the.spaces between the back electrodes 

substantially in phase with the light reflected from the 

back electrodes. 

15 2.    The device of Claim i wherein there is provided a 

single front electrode per element. 

25 

3.    The device of Claim 2 wherein the front electrode is 

common to the array of elements. 

4.    The device of Claim l, 2 or 3 having drive circuitry 

on-a substra°te, and a planaris±ng layer disposed on said 

drive circuitry, wherein said back electrodes are disposed 

on said planarising layer, and respective wirings pass 

through said planarising layer from said back electrodes to 

said drive circuitry, and wherein a portion of said drive 

circuitry provides said reflective layer. 

30 

5.    The device of Claim i, 2 or 3 having drive circuitry 

on a substrate, and~a planarising layer disposed on said 

drive circuitry, wherein said back electrodes are disposed 

on said planarising layer, and respective wirings pass. 

through said planarising layer from said back electrodes to 
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said drive circuitry, and wherein said reflective layer is 

disposed within said planarising layer. 

5 

I0 

6.    The device of Claim l, 2 .or 3 having.drive circuitry 

on a substrate, a first planarising layer disposed on said 

drive circuitry wherein said reflective layer is disposed 

on said first planarising layer, and a second planarising 

layer disposed on saidcircuitry layer and said first 

planarising layer wherein said back electrodes are dispose~ 

on said second planarising layer, Wherein respective 

wirings pass through said planarising layers from said back 

electrodes to said drive circuitry. 

7.    The device of iny preceding claim having a further 

15 planarising layer disposed over said back electrodes~. 

8.    The device of any preceding claim having a wave plate 

disposed over said back electrodes. 

20 9.    The device of any preceding claim wherein said 

reflective layer is composed of metal. 

I0. The device of any preceding claim wherein said 

reflective layer extends only to substantially fill said 

25 spaces between said back electrodes. 

ii. The device of any Of Claims I - 8 wherein said 

reflective layer extends beneath said back electrodes. 

30 -12. The device of any of Claims 1 8 wherein said 

reflective layer extends substantially level with said back 

electrodes. 
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13. The device of any of Claims 1 - 9 wherein said 

reflective layer extends only partwaY across said spaces. 

14. The device of any preceding claim further comprising. 

circuitry for connecting at least a Portion of said 

reflective layer to a selected potential. 

15. The device of any preceding claim, wherein each 

l0 element has plural front electrodes. 

15 

2O 

25 

30 

16. A method of steering light having a first direction to 

a desired second direction, the method comprising: 

causing a beam of said’light to be incident upon a 

reflective liquid crystal device; 

selecting ~ desired spatial phase modulation 

characteristic for said liquid crystal device thereby to 

provide a deflection from said first direction to said 

second d!rectlon; and 

providing a spatia! distribution of phase levels 

across said liquidcrystal device to at least approximate 

to said desired characteristic; 

wherein the step of providing a spatial distribution 

of phase levels comprises driving said liquid crystal at 

sequential spaced driving locations to produce rising 

discrete phase levels; and 

.    smoothing transitions in. phase between said spaced 
driving locations by providing further locations between 

said spaced.driving locations, and reflecting said light 

through said liquid crysta! in said further locations. 
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17. A method according to Claim 16, wherein said step of 

driving said liquid crystal comprises providing electrodes 

at said discrete driving¯ locations, and applying voltages 

to sequential electrodes to cause said rising phase leveis 

due to the liquid crystal.. 

18. A method according to Claim 17, wherein said step of 

smoothing comprises providing spaces between the electrodes 

at said further ¯locations and providing reflective elements 

in the spaces and behind the electrodes. 

15 

19. A method according to Claim 16 wherein said electrodes 

are reflective whereby said liquid crystal device is 

reflective. 

20. A method according to Claim 17, comprising providing a 

reflective layer disposed behind the electrodes whereby 

said liquid crystal device is.reflective. 

20 21. A method according to Claim 19, wherein the step of 

providing reflective elements comprises disposing the 

reflective elements at a distance behind said electrodes 

such that light reflected thereby leaves said liquid 

crys£al device substantially in phase with light reflected 

25 by said electrodes. 

22. An.optical routing switch comprising at least one beam 

steering device according to any of Claims I - 15. 
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"Tunable semiconductor laser with liquid 
crystal plxel mirror in greYing-loaded external 

Ci-Ling Pan, Shang-Huang Tsai, Ru-Pin Pan, 
Chia-Reng Sheu and S.C. Wang 

The wavelength of a commercial red pointer laser diode has been 

tuned over 4am digitally in 0.2am steps with a folded telescopic 

grating loaded ,-xternal cavity incorporating a liquid crystal pixel 

mirror. The sidemode-suppression ratio of the laser was better than 

-20dB throughout this rang~ 

¯ Owing to their applications in areas such as optical communication, 
high-resolution spectroscopy and optical metrology, tunable semi- 
conductor and fibre lasers have been extensively studied in the past 

decade. Typical wavelength tuning methods for these lasers include 
bulk and fibre-type Littxow and grazing-incidence gratings, Fabry- 

Perot etalon or interference filters, as well as electro-optic or aeou- 
sto-optie tunable filters [1~ In particular, liquid crystald~vices have 
been employed snecessfully as electronically tunable spectral filters 
for wavelength selection in these lasers and related WDM systems 
[2 - 6~ These devices are either designed as birefringent filters [2, 4] 
or Fabry-Perot interferometers [3; 6]. Parker and Meaxs [5], on the 
other hand, employed holographic gratings electro-opticaliy written 
on a fe~roelectrie liquid crystal spatial light modulator together with 
a fixed phase grating to tune the wavelength of a fibre laser to dis- 
crete wavelengths spaced by .1.3 am. In this Letter, we report a new 
type of tunable semiconductor laser by using a folded telescopic 
grazing-incidence grating-loaded external cavity [7, 8] incorporating 
a liquid crystal pixel mirror. 

grating 
objective laser 

lens diode 

determined by the"eentre-to-eentre separation of the adjacent pixels 

A~ = A Cos O, Az/f (1) 
where A is the grating period, Or is the first-order diffraction angle, 

andf is the focal le.ngth of the lens. 
Mainly limited by the extinction ratio of tile polariod, .the on/off 

state contrast ratio of the pixels of the homemade LCPM is only 
-5:1. Nevertheless, this is sufficient for achieving the desired spectral 

filtering function. The threshold switehhag voltage of the LCPM is 
4Vpp (peak-to-peak) at 10kHz. Complete switching from the off- to 
on-state is achieved at 10Vpr The switch-on time, i.e: the time it 
takes for a pixel to change from an off state to an on state, is 
-175ms. This is determined by the characteristics of the twisted 
NLC cell. 

patterned ITO 

SI Au G SA NLC 

II0 

incident laser beam 

F’tg. 2 Configuration of LCPM 

G: glass plate; ITO: indium-tin-oxide coating; NLC: nematie liqnid 
crystal; SA: surface alignment layer; P: polariser; An: evaporated gold . 
coating; Si: silicon substrate 

LCPM \. 

~"=g. 1 Schematic diagrant of electronically tunable ~rnicortductor laser 

with liquid crystal pixel mirror in folded telescopic grating-loaded exter÷ 
hal cavity 

A schematic diagram of the laser is shown in Fig. 1. A low-power 
red laser diode (LD, ~ = 640am, 1.5roW) from a commercial laser 
pointer was used without modification as the gain medium. The out- 
put of the LD was collimated and incident on the grating (2400line/ 
ram) at an angle of 67°. The primary laser output is the zeroth-order 
reflection of the grating (~ 60% of the incident light from the diode 
chip). Spectrally selective optical feedback was provided by the 
retro-reflected first-order-diffracted light from the grating, which 
was collected by a lens (/= 15cm) and focused on the liquid crystal 
pixel mirror (LCPM). It is based on the design of a normally off- 
state twisted nematic liquid crystal (NLC) cell. The cell was con- 
strutted with a 61xm-thick NLC (E7 manufactured by Merck) layer 
sandwiched between indium-tin-oxide 0TO) glass plates One of the 

ITO electrodes was patterned. The pattern ~.onsisted of 50 100pan X 
2era stripes with 5Hm spacing. The polaxiser was aligned to transmit 
light parallel to that of the incident laser polarisation. The back mir- 
ror was an Au-coated silicon substrat= Narrowband laser oscillation 
at the desired wavelength is realised by electronically selected optical 
feedback of the retro-refleeted light from one pixel of the LCPM to 
the laser diod~ The width of the pixel was chosen such that only one 
mode of the bare diode chip was selected. The laser is electronically 
tunable by biasing the individual pixels, with wavelength steps 
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Fig". 3 Narrow-linewldth output spectra of tunable laser as successive 
els were biased 
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Fig. 4 Lasing wavelength against pixel number 
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¯ experimental data 
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The. laser wavdcngth can be tuned from 636 to 643nm discretely 

in 0.20nm s~cps by bidsing SeZlucnfially the pixels (scc Fig. 3). The 
sidemod~ sapprcssion ratio (SMSR) of the laser was better than 
~20dB throughout this range. In Fig.. 4, we plot the lasing wavelength 

against the pixcl number. It is in good agreement with the theoretical 
prediction according t.o cqn. 1. The wavelength rc-sctability of the 

¯ present laser is excellent. After switching to a different pixel, the 
laser wavelength is reset. Realignment of the laser cavity is not neces- 
sary. The tuning range of the lasex is limited by the refleetivity of the 
front facet of the LD. With antixeflcction coating such that R < 1% 

for this facet, the tuning range of the tas~r can easily exceed several 
tens of nanometrcs [7, 8]. The SMSR of the laser output can be 
improved if we employ LCPMs with higher contrast ratios. 

In summary, we have realized a novel tunable semiconductor laser 

by using a folded telescopic grating-loaded external cavity with a liq- 
uid ccystal pixel mirror (LCPM) at the focal piano of the folded tele- 

..scop~ Wc achieved narrow-band (< 0.1rim, instrument-limited) 
electrically-tunable output from 636 to 643nm in 0.27nm steps with 

a low-power red LD in a commercial lase~ pointer. The SMSR of the 
laser output was better than 20 dB throughout this range. Thc tun- 
ing ~angc and SMSR are limited by the rcflectivity of the front facet 
ofthe LD and contrast ratio Of the LCPM. The wavelength switch- 
ing time was -175ms. The use of different liquid crystal materials 
and surface alignment technique.s can speed this up. 

Acknowledgments: This work was partially supported by the 

National Science Council of the ROC under various grantg 

© lEE 1999 29June t9~9 

Electronics Letters Ordine No:.19990960 
DOI: 10.1049/e1:19990960 

Ci-Ling Pan, Shang-H~ang Tsai, Ra-Pin Pan, Chia-Reng Sheu and S.C. 
Wang (National Chiao Tung Univemity, 1001 T~i Hsueh Road, Hsinchu, 
Taiwan 30010, Republic of China) .. 

E-mail: clpan @cc.nctu.edu.tw 

References 

1 

2 

3 

4 

5 

6 

7 

ZORABEDIAN, P.: ’Tunable external-cavity scm~conduct0r lasers’ in 
DUARTE, t~. J. ted.): "Tnnable lasers handbook’ (Academic Press, San 
Diego, 1995), pp. 349 
ANDREWS, J.R.: ’Low voltage wavelength tuning of an external cavity 

diode laser using a nematic liquid crystal-containing birefringent 

filter’, IEEE Photonics Technol. Left., 1990, 2, (5), pp.’ 334-336 

MAEDA, M.W., PATEL, J.S., SMITH, D.A., LIN, C., SAIF’I, M.A., and VON 

LEHMAN, A.: ~rl �lectronicallY tunable fiber laser with a liquid-crystal 
eta]on filter as the wavelength-tuning element’, IEEE Photonics 

Techtwl. Left., 1990, 2, (ll), pp. 787-789 

M OLLIER, P., AR MBRUSTER, V., PORTE, H., and G OEDGEBUER,~J-P-: 

’Electrically tunable Nd3*-doped fibre.laser ~using nematic-liqaid 

crystals’, Electron. Left., 1995, 31, (15), pp. 1248-1250 

PARKER. M.C., and MEARS, R.J.." ’Digitally tunable wavelength filter and 

laser’, IEEE Photonics Technol. Lett., 1996, 8, (8), pp. 1007-1008 

MATSUMOTO, S., HIRABAYASHI, M.,    SAKATA, S., and : HAYASHI, T.: 

"]’unable wavelength filter using nano-sized droplets of liquid crystal’, 
IEEE Photonics Technol. Left., 1999, 11, (4), pp. 442 

WANG, C.-L., and PAN,C.-L. : "]’unable dual-wavelength operation of a 

dibde array with an external grating-loaded cavity’, Appl. Phys. Left., 
1994, 64, (23), pp. 3089-3091                       ,. - .. 
WAldo, C.=L.,i and PAN, C.-L: "1"unable picosecond pulse generation from 
an actively mode-locked laser diode array with intracavity chirp 
compensation’, Jpn. J. AFpl. Phys., 1994, 33, (2), pp. L1456~L1458 

ELECT:RONICS LETTERS.¯ i9th August 1999 Vol. 35 No. 17 

TS0000404 



m 
m 

m 
mmm 

mm 
m 
m 

m 

m 
mm 
mm 

mmmm 

m 

mm 
mmm 

m 

mm 

m mm 

mmm 
m 

m 
mm 

m 
mmmm 
mmm 
m 

(12) INTERNATIi~’NAL APPLI(~ATION PUBI~SHED UNDER THE PATENT COOPERATION TREATY (PCT) 

(19) WorldIntellectuaiPropertyorganizati0n .~ 

Imemational Bureau     " 

(43) International Publication Date 

12 April 2001 (12.0,1.2001) PCT 

(si) 

(22) 

(253 

(3o) 

(71) 

(72) 

(75) 

flIIIII$11IIIIIIUIIlIIIIIlllIIIIIlIIIIIIIIlIIIIIlllIIIIIIIII$111IIIIlIlll 

(I0) .International Publication Number 

WO 01/25848 A2 

International Patent ClassificationS:’ G02F 1/31 

InterndtionalApplication Number: PCT/GB00/03810 

International Filing Date: 4 October 2000 (04.10.2000) (74) 

Filing Language:                             English 
(81) 

Publication Language: English .... ¯ 

Priority Data: 

9923428.8 4 October 1999 (04.10.1999) GB 

Applieant (for all designated States except US): 

THOMAS SWAN & CO., LTD. [GB/GB]; Crookhall, 

Consett, Durham DHS.TND (GB). 

Inventors; and 

Inventors/Appli~lnts (for US on!y): WARR, Steven 
[GB/GB]; 11 Monldey Court, Piggotts Road, Caversham, 
Reading RG4 SEW (GB). TAN, Kim, Leong [MY/US]; 

Apartment #6, 1178 Curtiss Avenue, San Jose CA 95125 

(US). CROSSLAND, William [GB/GB]; Odd Spot, 15 

School.Lane, Harlow, Essex CM20 8QD (GB). MANO- 

LIS, Ilias [GR/GR]; Nea Figalia, GR-270 56 Olympias 

Hleias (GR). REDMOND, Maura [GB/GB]; 24 Thornton 
Road, Girton, Cambridge CB3 0NW (GB). WILKIN- 

SON, Timothy [NZ/GB] ;Jesus College, Cambridge CB5 

8BL (GB). HOLMES, Melanie [GB/GB]; The Forge, The 

Street, .Brundish, Woodbridge, Suffolk IP13 8BL (GB). 

ROBERTSON, Brian [GB/GB]; �/o Raymond Robei’tson, 

75 Poplar Avenue, Hove, East Sussex BN3 8PT (GB). 

Agents: NEOBARD, William, John et al.; Page White & 

Farrer, 54 Doughty Street, London WC1N 2LS (GB). 

Designated States (national): AE,.AG, AL, AM, AT, AU, 

AZ, BA, BB; BG, BR, BY,BZ, CA, CH~ CN, CP,., CU, CZ, 

DE, DK, DM, DZ, EE, ES, FI, GB, GD, GE, GH, GM, HR, 

HO, ~D, IL, IN, IS, JP, KE, KG, K-P, KR, KZ, LC, LK, LR, 

LS, LT, LU, LV, MA, M-D, MG, MK, MN, MW, MX, MZ, 

NO, NZ, PL, PT, RO, RU, SD, SE, SG, SI, SK, SL, TJ, TM, 

TR, Tr, TZ, UA, UG, US, UZ, VN, YU, ZA; ZW. 

Designated States (regional): ARI]~ patent (GH, GM, 

KE, IS, MW, MZ, SD, SL~ SZ, TZ, UG, ZW), Eurasian 
patent (AM, AZ, BY, KG, KZ, MID, RU, TJ, T1V0, European 

patent (AT, BE, CH, CY, DE, DK, ES, FI, FR, GB, GR, 113, 

IT, LU, MC, NL, PT, SE), OAPI patent (BF, B J, CF, CG, 

CI, CM, GA, GN, GW, NIL MR, HE, SN, TD, TG). 

Published: 
Without international search report and ~o be republished 

upon receipt of that report. . 

For two-letter codes and other abbreviations, refer to the "Guid- 

ance Notes on Codes andAbbreviations." appearing at the begin- 

ning Of each regular issue of the PCT Gazette. 

-- (54) Title: OPTICAL SWITCHING WITH FERROELEC’I~C LIQUTD CRYSTAL SLMS 

.< 

8 

!~ ÷ f8 

~ (S7) Abstract: An optical switch uses two ferroelectric liquid crystaisiaafial light modulators with an interconnect region in between. 

~)The switch uses bulk lenses to focus light from an input fibre array to a first spatial light modulator, and from the second spatial light 

~ m odulator to an output array. Each spatial light modulator displays a respective hologram selected from a previously calculated set, 
to cause a desired switching of light from the haput fibre array ~o the output array. 
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O~tical Switchin~ with Ferroelectri’c liquid crystal SLMs 

I0 

Field of the invention 

The present invention relates to generally to .¯the field¯ 

of optical ¯switching, and more particularly to switching 

capable of selective connection between an array of input 

elements    and ¯ an array of output    elements.~ using 

ferroelectric liquid~crystal spatial light modulators.¯ 

Background of the invention 

The development of optical fibre switching components is 

vital to the continued growth of global information. 

systems.     Single-stage     matrix     switches¯ ~operating 

¯ independently of the optical bit-rate ¯and modulation 

formats, capable, of reconfigurably iinterconnecting N 

optical inputs to ¯M optical outputs (where N and M are 

generally, but not necessarily the same number), are 

particularly desirable. 

20 

Some prior art switches are limited in functional size tO 

less than 64x64. Others suffer from relatively poor noise 

performance, 

25. One useful known ’configuration is described later herein 

with respect to Figure 15. This switch, which uses static 

holograms provides a static optical switch in which the 

input signals are "hard-wired" to specific .. outputs. 

Adapting the device of Figure 15 tO use reconfigurable 

30 holograms as. elements for deflecting optical ¯beams in 

free-space between arrays of optica! inputs and optical 

outputs provides a reconfigurable switch by :means .of 

SUBSTITUTE SHEET (RULE-26) ~ 

TS0000406 



wo o~/25848 

~ 
displaying 

modulator. 

hologram patterns 

PCT/GB00/03810~ 

on a spatial    light 

There are, however, some practical design problems 

associated with the migration from a static optical 

shuffle to a reconfigurable switch. - 

I0 

15 

20 

One.problem which has failed to be successfully.addressed 

is ~that of crosstalk, and another at least Partly allied 

problem ’ is that of insertion losses. Crosstalk occurs 

when-light, that was intended to follow one path instead 

has a component that follows another path. The insertion 

loss issues are linked to.imperfections in the. hologram 

displaying device and to the use of microlenses, which 

are difficult and expensive to produce, as well. as being 

of questionable accuracy and poor reproducibility. Both 

of these defects lead to crosstalk. The hologram 

d~splaying      devices Used in .reconfigurabl.e~ hologram 

switches have been found to be less than perfect~ in that 

they allow beams of direct light to pass through when a 

deviation was required instead. Clearly the direct 

component ~(referred to herein also as "zero. order" light) 

gives rise to crosstalk. 

25 

3O 

A third problem is making the switch polarisation 

°insensitive, since the polarisation of the light passing 

through an optical network~ and especially through 

optical fibres fluctuates, for example with time. It has 

been established that ferroelectric liquid crystal SLMs 

can be made to operate in a polarisition insensitive 

manner. 
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10 

These effects can be addressed .by selection ofthe 

holograms.. However ¯state of ~the art ¯techniques for 

production of holograms are not adequate for the required 

performance. 

It is- a Primary object of the present invention to 

provide an optical¯ Switch..using reconfigurable hologram 

devices which at least partly -overcomes the problems of 

the state of"the.art. " ~ 

Summary of the invention 

15 

2O 

25 

According to a first aspect of the present iinvention 

there is provided an optical switch comprising:~ an input 

optical fibre array anda receiver array, ~and an optical 
system connecting .the input, optical fibre array .to ~the 

receiver array wherein the optical system ¯ comprises a 

¯ first bulk lens for .~eceiving. light from    the input 

optical fibre array, a first ferroelectric liquid Crystal 

spatial ¯light modulator, a ’second ferroelectric :liquid 

crystal spatial light modulator, each spatial light 

modulator being adapted for providing’ a respective¯ 

selectable ~set of holograms, ¯ an -interconnect region 

between .said first and second ferroelectric ~liqu±d 

crystal spatial light modulators, .and a second bulk lens 

providing output light to the output arraY. 

In one embodiment, the optical switch further comprises, a, 

pair of lenses disposed respectively between said. first 

bulk lens and .the’ first ¯spatial .¯light modulator, and 

between the second spatial light modulator¯ and the ..second 

bulk lens. - ~ ¯ ...... -~ 
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In another embodiment,    the .optical switch further 

comprises a pairof lenses disposed between said spat.ial 

light    modulators    to define    .there    between    said 

interconnect region. 

In a first class of embodiments,, said spatial light 

modulators are transmissive. 

2O 

In one embodiment of said first .class, the first bulk 

lens is disposed to provide .a plurality .of collimated 

light~ beams from said input Optical fibre array, said 

pair of lenses comprises a second lens and a third lens, 

said second lens for receiving said collimated light 

beams and providing acorresponding plurality of mu~ually 

parallel beams and-said.third lens being disposed for 

receiving said mutually payallel beams and collimating 

said beams, and said second bulk lens is a fourth lens 

being disposed for focussing sa.id beams onto said 

receiver array. 

In a second embodiment of said first class, the first 

bulk lens -is disposed to provide a plurality .of 

collimated light beams from said input optical fibre 

array, said pair of lenses comprises a second lens and a 

25 fourth lens, the said second lens for receiving said 

collimated light beams and providing a corresponding 

plurality of mutually convergent beams, the optical 

system further comprising a third lens having a negative 

power, receiving said convergent beams and providing 

30 mutually divergent output¯ beams, and the fourth lens 

beinq disposed for receiving said mutually divergent 

.~ beams and collimating said beams wherein said second bulk 
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lens. is a fifth lens being disposed for focussing said’ 

beams onto said receiver array. 

This second embodiment has the advantage of allowing path 

length reduction by comparison with. the above-discussed¯ 

first embodiment. ’ . :~ ~. 

In a third embodiment of said¯ first class, the first bulk 

lens is disposed to provide a plurality of collimated 

10 light beams from said input optical fibre array, said 

pair of lenses comprises a ¯second lens and a fourth lens, 

the said second lens for receiving said collimated light 

beams and providing a corresponding pluralityof mutually 

convergent beams, the optical system further comprising ~a 

15 third lens having, a positive, power, receiving said 

convergent beams and providing mutually divergent¯output 

beams as a unity conjugate lens, and the fourth .lens 

-.being .disposed for receiving said mutually divergent 

beams--and coliimating said beams wherein said second bulk 

20 lens is a fifth lens being disposed for focussing said 

beams .onto said receiver array. 

25 

This third embodiment allows path also has the advantage 

of ~llowing path length reduction by comparison with¯ the 

above-discussed first embodiment,’ but to a lesser degree 

than the second embodiment. However the use of the¯ relay 

lens may enable~easier ¯control of optical aberrations. 

30 

In an advantageous modification, the optical system has 

an optical axi~¯<and the.input and receiver, arrays, are 

mutually offset to opposite sides of the system optical¯ ¯ 

axis, other components remaining on-axis.                         . 
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6 

This configuration can allow undeflected signals, termed 

herein zero-order signals , to pass through.¯without 

causing cross talk : 

lO 

In a preferred modification of the above, second and third 

embodiments, the optical system has an optical axis and 

the input and receiver arrays, the first, second~ fourth 

and ~f±fth lenses are disposed on¯ the system optical axis 

a~d~the third lens is laterally offset there¯ from~ 

This also allows undeflected signals to pass ¯straight 

through without causing cross talk, and enables a 

relatively improved optical aberration performance. 

15 

2O 

25 

3O 

In a second class of embodiments, the spatial 

modulators are reflective. " 

light 

In a first embodiment of the second class, the optical 

system has a zigzag axis, and.each of said pair of lenses 

is disposed with respect to an associated spatial, light 

modulator such ~hat light travelling along, said axis 

passes twice through each of said lenses. 

In a preferred embodiment of the second class, each of 

said ¯first and second bulk lenses has an associated 

further lens disposed to form an optical magnification 

stage. 

In a first.modification, a relay lens is disposed, in the 

interconnect region. 

IN a second modification, 

the interconnect region. 

a field lens is disposed in 
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I0 

To provide immunity from ¯cross tal.k, the .relay or 

respectively field lens maybe disposed off-axis. 

In a preferred embodiment of the first aspect, of the 

invention,     said input optical fibre array and said 

receiver array have respective input and output .ports 

each comprising a :respective 32X32 array of ports,..and 

said ports are disposed 

locations defined by: 

¯ Input Port 

Locations 

" (nl , ~i} 

(-~I~o ¯ -~I~) 

(-~/~o ¯ -~/~) 

(-~/~’o ¯ _Zl~) 

(-~/6o ¯ -11,s) 

(-~/3o ¯ -*/1~) 

(-1/2o ,. ~/~s) 

(-~/6o , -~/2o) 

(-z/3O , -Z/20) 

~ (-,./zo , -~/2o) 

(-,./30 , 

(-,./2o , -~/3o) 

(-1/~’o , -1/6o) 

(-,./ao ¯ -~I~o) 

(-Zl2~ ; -i-I~o) 

(-iI~o , O) 

(-~/3o , O) 
(-11zo , O) 

(-,./6o , +"/6o) 

(-,./3o ¯ +~/6o) 

(-1/2o , +~/6o) 

(-,./6o ¯ +,./3o) 

(-1/3o , 

at. normalised coordinate 

Output Port 

Locations 

("Io , ~,o) 

(+Z/6o ¯ 

(+,./3o ’ 

(+:*/2o , -1/z~) 

(+~/6o , 

(+1/~o , -1115) 

(+Z/2o., -~./,s) 

(+Z/6o , -,./20) 

(+~/3o , -Z/zo) 

(+1/2o , -1/~o) 

(+*/6o , -1/3o) 

(+1/3o, -,./3o) 

(+Z/2o , -~/3o) 

(+*/6o , -,./6o) 

(+~/3o ¯ -Z/~o) 

(+,./2o ¯ -"/6o) 

(+I/6o , 0). 

(+Z/3o , O) 

(+I/zo , 0) 

(+"/6o , +,./6o) 

!+1/3o, +1/6o) 

(+~/2o ¯ +~/6o) 

(+Z/~o ¯ +,./3o) 

(+1/~o , +*/3o) 
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(+~/~o , +~/~o) 

(+~/eo , +~/2o) 

(+~/3o , +~/~o) 

(+Z/~o , +Z/~o) 

(+’I~o , +~l~s) 

(+~/3o , *~/~s) 

(+’I~o ,.. +~/~s) 

(+~1~o ¯ +~/~) 

(+~/3o., +z/~) 

PCT/GB00/03810 

1o 

15 

2o 

25 

In a secbnd- aspect of.the invention, there is provided an 

optical switch comprising an ¯input optical fibre array 

and a receiver array, .and an Optical system connecting 

the input o~tical fibre array to the receiver array 

wherein the optical system comprises a first binary 

reconfigurable spatial light modulator, a second binary 

reconfigu.rable .spatial.light modu~.ator, each spatial 

light modulator being adapted for providing a respective 

selectable set of holograms each for a desired switching. 

operation, and. a pair of. lenses between said first and 

second binary reconfigurable spatial light modulators for 

defining therebetween¯ an interconnect region, wherein 

each spatial light modulator comprises a display screen, 

memory circuitry for a plurality of sets of hologram¯ data 

and selection circuitry for selecting one of said sets 

according¯ to a desired switching function, each.stored 

set of hologram.data being calculated by:. 

determining principal replay coordinates of a said 

hologram according to a desired switching function; 

using said coordinates:                   , 

calculate the size in pixels ofa base cell; and 

evaluating a base cell pattern by a phase 

quantisation procedure;                                             ¯ 

and 
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replicating said base cell pattern data until the en.tire 

aperture of the spatial ¯light modulator is filled. 

In a third aspect of the invention there is provided .an.. 

optical switch comprising an input optical fibre array¯ 

¯ and a receiver array, and an optical system connecting 

the input ~optical fibre array to the receiverl array:i. 

wherein    the    optical    system    comprises    a    ~first. 

ferroelectric liquid crystal spatial light modulator, 

second ferroelectric .o liquid crystal spatial ~ light¯ 

modulator, each spatial light modulator being adapted for 

providing a respective selectable set of holograms each 

for a desired Switching operation," and a pair of lenses¯ 

between said first and second, ferroelectric ~..liquid 

Crystal     spatial     light    modulators     for    defining 

therebetween an interconnect region,¯ wherein each spatial 

light ¯modulator comprises a display screen, memory: 

circuitry for a plurality of sets of. hologram data and 

selection circuitry for selecting one of said sets.. 

according to a desired switching function, each .stored: 

set of hologram data being calculated by: 

determining principal replay coordinates of a said 

hologram, according to a desired switching function; 

using said coordinates: 

calculate the size in Pixels of a base cell; and 

evaluating a base cell pattern by a phase 

quantisation procedure; 

and" 

replicating said base cell pattern data until the entire 

aperture of the spatial light modulator is filled. 

Advantageously said. step of determining principal replay 

¯ coordinates of a desired hologram comprises 
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determining the normalised.angular deviation upon a 

collimated paraxial beam required of a desired hologram; 

deriving from said deviation the principal replay mode 

coordinates for said desired hologram. 

I0 

Preferably said step of calculating c~mprises converting 

said coordinates to rational numbers each comprising a 

numerator and a denominator, wherein said rational 

numbers are simplified so that said denominators have 

their lowest integer values, and using said denominators 

as thenumber of pixels for said base cell pattern. 

2O 

25 

3O 

According to a fourth~aspect of the invention there is 

provided a method of producing a phase-only computer 

generated hologram for a pixellated hologram device, 

having a respective (x,y) plane and a predetermined 

number of uniformly distributedphase levels, the method 

comprising: 

determining principal replay coordinates of a desired 

hologram; 

using said coordinates: 

calculating the size in pixels of a base cell; and 

evaluating a base cell pattern by a ~hase 

quantisation procedure;. 

.and- 

replicati~ng said base cell in the plane of the said 

hologram device until the entire aperture of the device 

Advantageously said step of determining principal replay 

coordinates of a desired¯ hologram comprises 

determining the normalised angular deviation upon.a- 

collimated paraxial beam required of a desired hologram; 
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il 

deriving from said deviation the principal replay mode. 

coordinates for said desired hologram; 

I0 

Preferably said step of evaluating comprises: 

converting said coordinates to rational numbers each 

comprising a. numerator and a denominator, wherein said 

rational numbers are Simplified so that~ said denominators 

have their lowest integer values, and using said 

denominators as the number of pixels for said basecell 

pattern. 

15 

2O 

25 

3O 

Advantageously the. method further comprises constraining 

said numerator and denominator by a predetermined 

mathematical relationship. 

Conveniently said mathematical relationship is specified 

by 

where Nx, Ny are said numerators and ~x, Dy are said 

denominators. 

Preferably said evaluating step comprises defining a 

spatially sampled phase screen using said rational 

fractions such that 

+t, 

wherein @ is the phase screen, k =0, I,.2 ...(Dx-l) and i= 

0,i,2 ...(Dy~l) 

Preferably again said evaluating step further comprises: 
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phase-quantising said phase screen to said predetermined 

number of uniformly distributed phase levels using 

I0 

~, (k.l)= ,xp(2~j x int{~(k.l)x V}/V) 

where ~,(k,l).    is the final sampled and quantised 

representationof the bas~-cell Pattern for the target 

hologram device, 

-. j     is the complex operator (~i)~, exp(...)is the 

exponential operator, and int{...}    is a quantisation 

function that rounds its argument to the nearest integer 

~towards minus infinity. 

Embodiments of the present invention concern switches 

15 based on ferroelectric liquidcrystal (~LC) Spatial Light 

Modulators (SLMs) using in-plane switching to give binary 

phase modulation. It has been found that contrary to an 

earlier published paper (K L Tan, W A Crossland-& R J 

Mears, "A comparison Of the efficiency and cross-talk of 

20 quad    and binary    phas~ only    hologr~a~s    based    on 

ferroelectric liquid crystals", Ferroelectrics 213,. 233- 

240, (1998)) it is NOT possible to achieve ¯multilevel 

phase modulation with this type of device so the 

insertion loss cannot be-fully minimised, neither can the 

25 crosstalk except with considerable difficulty. 
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Brief description of the drawings 

Exemplary embodiments of the invention will now be 

described with reference to the accompanying drawings in 

which: 

.Figl shows a schematic diagram of an optical system 

useable in an optical switch according to the invention; 

I0 

15 

Fig:2. shows a schematic diagram of first embodiment of an 

optical switch in.accordance with the invention, based 

upon the configuration of Figure I;                 . 

Fig 3 shows an enlarged view of the interconnect region.~ 
of Figure 2, and illustrates the Gaussian Wai~st..0f-the         ~. 

beams as they traverse the interconnect region; ’ ¯ 

20 

Fig 4 is a plot of the expected noise isolation between 

any 2 adjacent optical, paths given aberration-free 

optics; 

Fig 5 shows a first modification of the switch of Figure 

2, including an additional negative power lens; 

25 Fig. 6 shows a second modification of the switch of Figure 

2, including an additional positive power lens; 

3O 

Fig 7 shows a schematic diagram of. a layout of an optical 

switch modified to reduce cross-talk; .. " 

Fig 8 shows a more detailed view. of an optical switch 

with an off-axis additional lens for reducing cross-talk; 
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Fig 9 shows a " diagram of .an optical switch¯ using 

reflective hologram devices; 

Figure I0 shows a partial block schematic diagram of an 

embodiment of ¯ an optical switch according to the 

invention, showing connections f6r generation, storage, 

and. selection of holograms; 

Fig. Ii ’shows an .arrangement for viewing a computer¯ 

10 generated hologram ~using collimated perpendicular, light, 

with .the replay image being formed in the focal ¯plane of 

an infinite conjugate-ratio lens; 

15 

Fig¯ 12 sh6ws a phase-screen for a hologram using the 

method of the invention;     o. 

Fig 13 shows a replicated or tiled base cell pattern 

across the aperture of a hologram device; 

20 ~ Fig 14a-c show exemplary base cell frame sequences; and: ~ 

Fig. 15 shows     a     prior    art     switch Useful in 

understanding the present invention. 

25 Description of the preferred embodiments 

In the various figures, like reference numerals .refer to 

like parts." 

3O Starting bY referring to Figure 15, an array of Optical 

sources (i01) and an array of optical receivers (107) are 

arranged as the input element.s and output elements of a 

holographic switch.    For many applications, the sources 
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1S 

and receivers may comprise cleaved or end~polished 

fibres.    In other applications, the inputs may be light 

emitting sources such as lasers or LEDs, and the Outputs 

may be photo-detectors. Each input (101) may transmit a 

different digital or analogueoptical signal through the 

switch to one (or possibly several) of the outputs~:~(107).. 

Thus up ¯to N different -signals may be simultaneously 

passing¯ through the-switch at .any instant.    The’. light 

applied at each input may consist of a single-wavelength 

modulated by data;. ¯a number of different data sources 

operating at different wavelengths (e..g~ ¯ a wavelength- 

multiplexed system); or a .continuum of wavelengths.. 

Although the switch is shown in cross-sectionin iFigure 

15, the input & output arrays (101,107) are typically 2- 

dimensi0nal arrays, and .the ho!ographic switch_ comprises 

a 3-dimensional volume. 

20 

TO achieve switching, the. input array (I01) is arranged 

behind a lens array r(102).    Each optical signal emitted 

by the input array .enters free,space, where ~it ¯is 

collimated by one of the. lenses in lens array (102). 

Each collimated beam then .... passes through a hologram 

device (103).     The hologram, device (103) displays a 

holographic pattern of. phase and/or, intensity and/or 

25 birefringence that has been designed to¯ produce a 

specific deflection of the optical ~propagation directions 

of the beams incident upon the device.     The hologram. 

pattern may. also be designed such.that each optical beam. 

experiences .a different angle of deflection.~ The device 

30    (103) may also have the effect of splitting an individual 

b~am into several different angles or diffraction orders. 

:ii-~:~?~¯¯.:One application for utilising this power splitting ~effect 

is to route an input, port to more than one output port. 
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The deflected optical signals propagate in free-space 

across, an interconnect region (104) until they reach a 

second hologram device (105).    The hologram pattern, at 

the second hologram device (105) is designed, in such a 

way~ to .reverse the.deflections introduced at the first 

hologram device (103) so that the emerging signal beams 

are parallel with the system optic axis again. 

I0 

15 

20 

The optical.signals then pass through a second lens array 

(106) where each lens. focuses its associated optical 

signal, into the output ports of the receiver array (i07) ~ 

Thus the hologram patterndisplayed on the. first hologram 

device    (103)    and the associated hologram pattern 

displayed on the second hologram device (105) determine 

which output fibre .or fibres of the receiver array (107) 

receive.optical data from which input fibre or. fibres of 

the input array (I01).    The. interconnect region (104) 

allows the signal beams to spatially, reorder in a manner 

determined by the specific hologram patterns d±splayed.on 

the first and second hologram devices (103, 105).    The 

switch, also operates reversibly such that outputs (107) 

maytransmit optical signals back to the inputs (I01). - 

25 In seeking to replace the fixed hologram devices of 

Figure 15 with reconfigurable devices, a number of 

problems arise, including the following: 

3O 

i) In order to implement such a holographic switch- an 

appropriate setof hologram patternsmust be chosen. 

This hologram set must be capable of routing any input 

channel to any output channel whilst-keeping the 

insertion loss and crosstalk figures within specified 
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values.    This is not a straightforward task ~as the 

noise isolation between channels depends heavily on the 

patterns being used.    In particular, the hologram set 

must be optimised to prevent higher order diffraction 

beams being launched down the wrong channel. 

I0 

15 

2O 

25 

3O 

2) The maximum angular deflection that¯ can be geneDated by 

a reconfigurable hologram is typically less thaw can be 

achieved by a fixed hologram¯ recording. The ~ength of 

interconnect region (104) between the planes of t¯he 

first and second hologram devices (103, 105) ~is 

determined ¯by this maximum angular deflectiQn, ~ and 

therefore a switch typically requires a greater free- 

space¯ optical path-length than an optical Shuffle. 

Because.of component tolerances and packaging¯ design 

constraints, it~ is¯~often highly desirableto minimise 

this optical path-length. 

3) The diffraction efficiency of a reconfigurable holoqram 

is typically less. than 100%, with some proportion ¯of 

the shortfall exhibited as an undeflected ¯"zero-order" 

signal passing straight through the first and~ sec6nd 

hologram devices    (103,    105). Without    further 
enhancement to the switch, these undeflected Signals 

give rise to unwanted noise signals in the receivers, 

~.g. a fraction of the signal from input 1 ~ aiways 

reaches output 1 irrespective of the hologram states~ a 

fraction of the signal from input 2 always ~ ireaches 

output 2, etc. These signals corrupt the .~proper 

functioning of the switch. ~ 

4) A convenient method of constructing reconfigurable 

holograms for use within an NxN ¯switch ¯is to integrate 
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a layer of liquid crystal material above a silicon 

circuit.. This type of SLM typically operates in 

reflection rather than transmission, and the switch 

layout shown in Figure 15 is therefore .no longer 

appropriate. 

I0 

15 

Figure 2 shows the basic configuration of an NxN 

holographic switch ~for use with transmissive spatial 

light modulators. However, for improved understanding, 

description ¯ will first be made of Figure 1 which is 

identical to Figure 2 save for having no hologram 

devices~ An array (i) of optical sources is disposed on 

the left as shown, and an array (9.) of optical receivers 

is disposed to the~ight, as shown. 

In the optical path between the input array (i) and the 

receiver array (9) there are disposed, in order, a first 

collimating lens (2), a first focusing lens (4) a second 

Collimating lens (6) and a second focussing lens (8). 

20 Each of these, lenses is a bulk lens, thus avoiding the 

use of microlenses, wiih. their attendant problems of 

accuracy, reproducibility and cost. The first collimating 

lens is spaced, from the input .array (I) and the second 

focusing lens is spaced .from the output array. The first 

25 collimating lens~ .(2) and the first focusing lens (4) 

define therebetween a fan out region, the first focusing 

lens and second collimating lens define therebetween an 

interconnect region and the second collimating lens and 

the second focusing lens define therebetween a fan in 

30 region. 

Following input (i), ¯ the array of optical signals enter 

free-space where they are collimated by the first 
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25 

30 

collimating lens (2) which has a focal length of f2- 

-Input array (i) is typicallY, arranged in the back. focal 

plane of lens (2.) at a distance fz from ~the ’"principal 

surface of the lens such that the signal beams are 

collimated in ~if.ferent angular directions.     Following 

.lens .(2), the. collimated signals propagate in the free- 

space fan’out region (3) towards first focussing lens 

(4), which has a focal length Of f4.     The signals 

propagating in region (3) are angularly dispersed hY lens 

(2). so that. the collimated beams are completely spatially 

separated by the time they reach first focusing lens (4).. 

The location of lens (4) relative to lens (2) is :chosen 

such that the beams pass across the interconnect -region 

(5) parallel to one another. Typically this condition is 

met by locating the principal surface of lens (4) .a 

distance f2+f4 away from the principal surface of lens. 

(2). An array .of.foCused spots is then typically formed 

in the front focal plane of lens (4), somewhere within 

the. interconnect region (5). 

Following the interconnect region (5), second, collimating 

lens (6) re-collimates the signals and feeds them into 

the fan-in region (7) where they are focused by !second 

focusing lens (8) into the appropriate-output fibres (9). 

Second focusing lens (8) is typically located a ~distance 

f6+~ in front of second collimating lens (6), and the 

output elements (9) are located in the focal plane, of 

lens (8)..    In practice each of the first and second 

collimating and first and second focusing, lenses 

(2,4,6~8) may consist of ~ a .single bulk element or 

equivalent component with optical power such as cemented 

achromats, compound, lens systems, and/or mirror elements. 

In addition, when the input sources (i) and output 
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receivers (9) havethe, same optical numerical aperture of 

emission - and light- acceptance respectively~ (e.g. the 

inputs and outputs are single-mode fibres) t-hen first 

collimating ¯ lens (2) :will have be similar to second 

focusing lens (8), and first focusing lens (4) will be. 

similar to. Second collimating lens (6). In this case, a 

focal plane, will exist exactly midway between first.. 

focusing lens (14) and second collimating lens (6). 

I0 In the case of fibre-to-fibre switching: input and output 

arrays (1,9) may containfibres that have beencleaved or 

end-polished at an angle to reduce back reflections; may 

be anti-reflection, coated; or may consist of a wave 

guiding device to adapt the optical signals to. the 

correct positions and spacings. Alternatively,    some. 

construction for producing 2-dimensional fibre arrays may 

be used. 

Referring to Figure 2, the switch is shown with first 

20 (i0) and second    (iI) binary hologram devices, in the 

form of ferroelectric liquid crystal (FLC) spatial light 

modulators (SLMs) disposed respectively on the outside of 

first .focusing lens (4) and on the outside’ of second 

coll’imating lens (6) about interconnect region (5). It 

25 .will be understood by those skilled in the art that the 

hologram devices may alternatively be placed on the 

inside of the lenses to define therebetween the 

interconnect region. However, the arlrangement shown is 

advantageous in that an odd number of bulk lenses -here 1 

30 rbetween the fibres and the spatial, iight- moduiators 

causes offset variations due to wavelength variations to 

be convertible to a tilt error at the output. As ~known 

to those skilled in the art, tilt errors are less 
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problematic for ~optical fibres than Offset errors. The 

hologram    devices- used    in ¯this embodiment     are 

ferroelectric liquid crystal spatial¯ light modulators 

which are ~selected because of ease of use asbinary light 

modulators although other binary light modulator devices 

may be used instead. The spatial light modulators are. 

locatedas close as possible to outermost surfaces.of the 

first focusing and second-collimator lenses (4,6). 

10 The spatial light modulators (I0, II) are~ driven to 

display various patterns of phase.and/or intensity and/or 

birefringence which¯ are designed to deflect the optical 

pr0paga~ion directions of the beams incident upon the 

devices. At any instant, ’the hologram: pattern displayed 

15" at (II) must be designed to restore the deflections 

introduced at device (I0). Thus the deflections 

introduced by the holograms cause the input signals to¯ 

re-ordered¯ and routed to the Outputs in a ~manner 

according to the hologram patterns displayed.    As¯ the 

20 hologram patterns are changed, so is the routing of the 

switch.     In this embodiment of the invention, optical 

switching is achieved without¯ the°need for lens. array. 

components.¯ By using ferroelectric liquid crystal SLMs, 

po!arisation independence may be achieved. As will be 

25. discussed later herein, this is an important feature 

where the -incoming polarisation cannot necessarily be 

determined 

Design equations for constructing an NxN switch are .now 

discussed forethe ¯ situation where¯ the optical ¯signal 

beams h~ve Gaussian~ TEM00 profiles. A Gaussian beam is a 

useful approximation to the optical profile emitted by 

lasers and cleaved single-mode fibres.    As a paraxial 
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Gaussian, propagates in . free-space between lenses, its 

radialdimension Changes but its profile remains Gaussian 

according to the following well-known propagation rule: 

IO 

2o 

30 

where    wo is the Gaussian waist dimension-(minimum beam. 

radius) arbitrarily located at z=0, 

w .is the transverse beam radius at location z/2, 

z/2 is the propagation distance from the waist, 

I is the central optical wavelength of the optical 

signal beams. 

For applications where the optical    switch system 

described with .respect to Figures. 1-and 2 is designed 

symmetrically,, then each signal beam Will form a Gaussian 

waist of diameter 2w exactly ’ midway between .hologram 

devices (I0, II) at the centre of interconnect region (5), 

as shown in figure 3.    For an interconnect distance z 

between holograms, the beams at planes (10,11) will have 

Gaussian diameters of 2w given by equation (i) above. In 

addition, if the distances between lens (4) .and hologram 

(I0), and between lens (6) and hologram (ll) are 

negligible, then f4 and f6 should both be chosen to be 

equal to z/2. 

Typically it is desirable make the inter-spacing, Ah, of 

the optical signals at planes (I0, ii) as small as 

possible to shorten the-interconnect length. However, it 
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is also desirable to increase this same dimension t~ 

reduce cross talk between adjacent signals~ Figure 4 is a 

plot of the expected .noise .isolation between any 2 

_~djacent optical paths given aberration-free optics~ 

Parameter 7 is defined by equation 2, as: 

A system design limit of 7.~ 3 is often acceptable, giving. 

rise to about 39dB of noise isolation between adjacent:. 

signal paths or better. It. has been found that -there-is 

an optimum (minimum) value for Ah for a given value of 

found by equating the first derivative of equation (.i) 

zero (equation 3): 

15 

(3) 

In addition, if the hologram devices are pixellated then 

there exists a maximum useful angle of. diffraction, ~#,~ 

that can be introduced by these devices.    .This angle-. 

expressed in equation 4, ultimately determines the 

minimum interconnect length, z, that sustains correct 

operation of the switch: 

where d is the hologram pixellation pitch, 

A is the total used hologram aperture. 

(4) 

25 

In the general case, spatial light modulators (I0, II) may.; 

introduce angular diffraction about just one, or both, 

axes of rotation and the hologram, pixellation pitch may¯ 

differ between the x and y axial~directions.                   : 
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Equations (2) through (4) lead to a ¯design criteria in 

terms of the required interconnect length versus the 

-number of inputs & outputs that..can be supported. For the 

case where there are N-inputs and N outputs arranged on 

regular 2-dimensional square-grids, the paraxial solution 

is given in equation 5: 

I0 

15 

(5) 

Thus a 32x32 switch constructed using holograms with 20~m 

feature size, operating ¯ at. a central wavelength of 

1.55~m,    and with y=3,    requires the spatial light 

modulators (i0,II) to be .spaced apart by at least 95mm.. 

The insertion loss of the switch then increases gradually 

as the ¯ injected wavelength deviates from the design 

:wavelength. 

2O 

25 

3O 

Equatio~ (5) is the minimum, optical path-length design 

for a holographic optical¯ switch¯.    A full design cycle 

for the switch must however also incorporate ~ procedure 

for determining an appropriate, set of hologram patterns. 

This hologram set must typically be at least capable of 

routing¯ any input ’to any output according to the 

capabilities of the hologram devices used, whilst also 

maintaining various switch performance targets ¯such as 

the noise isolation between all optical,"paths and the 

insertion loss variability as the switch is reconfigured. 

Under these constraints, the hologram set may .not utilise 

the full ¯range of deflection angles that are available. 

from the hologram devices.    In addition,    spatial 

arrangements of the input and output ports other..than i:I 
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¯ aspect ratio square-packed grids may be better optimised 

for some applications.    Hence it may not be possible to 

achieve the minimum optical path-length- design.     For 

these embodiments, equation (5) should be modified~ .to 

equation 6: 

I0 

where C represents a scale parameter to account for the 

properties¯of the chosen hologram set. C must typically 

be determined by iterative design of the relative input 

and output port locations. 

15 

Each input port of the switch illuminates a unique.:sub- 

aperture region of device (I0) and each ~output port 

collects¯ .light from¯ a unique sub-aperture region of 

device (Ii).     Each sub-aperture must then contain a 

minimumnumber of hologram PiXels in order to achieve the 

correct switching "functionality. 

2O Equation (.7) represents the minimum number of hologram 

pixels that must be present "per sub-aperture per axis of 

diffraction.                              ¯                     ~ 

Minimum number of hologram pixels 
per port per axis of diffraction 

Ah. C~,~ (7) 
d    ~ 

25 

A sample of known data points for high-performance-:.switch 

designs .(=40dB noise isolation, <idB loss variability) 

based On square-packed input/output arrays and utilising 

binary-phase hologram¯devices such as ferroelectric7 
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liquid-crystal spatial-light-modulators 

tabulated below (Table i) : 

(FLC-SLMs) ,    is 

Switch 

Functiona 

1 Size 

3 x 3. 

9 x 9 

32 x 32 

Spatial 

Arrangement 

of Input & 

Output Ports 

3 x 1 

3 x 3 

3 x II 

C 

24 

24 

60 

Minimum Number 

of Pixels per 

Hologram Device 

207 x 1 

207 x 207 

516 x 1891 

10 

15 

2O 

25 

Table 1 ~ Requirements for switch layout. 

The maximum angular deflection that can be generated by .a 

reconfigurable hologram is typically less than can be 

achieved by a fixed hologram recording and a switch 

typically therefore requires..a relatively loDg free,space 

optical path-length between hologram devices. 

Referring now to Figures 5 and 6, the physica~ distance 

between    hologram    devices    (I0,II)    is    reduced    by 

introducing additional-optical elements to the switch. 

In these two" embodiments, -the length Of interconnect 

region (5) .and thereby the optical path-length of the 

switch are reduced by incorporating a fifth lens into the 

system. 

Referringto Figure 6, a further lens element (12) with 

negative optical poweris placed as a field lens in the 

centre of interconnect region¯ (5), and lenses (4, 6) of 

the embOdiment of Figures 1-5 are replaced by lenses 

(13,14) respectively with shorter focal lengths. Each of ..... 

these lenses is a bulk lens and may consist in practiceh 
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of a -4ingle bulk element or equivalent compound component 

with optical power such that (equation 8) :            ~ 

I0 

Where fz3 is the focal length of .lens (13), 

fz4 is the focal length of lens (14). 

The addition of field lens (12) compensates’ for the 

shorter focal lengths of (13,14).    For the common case 

when fz3 equals f~4, operation, of the switch~ will be 

maintained when element fieldlens satisfies equation 9: 

(9) 

15 

2O 

25 

where       fz2 is the focal length .of lens ¯(12), 

~"f4 is the focal length of the. lens being replaced. 

Another embodiment is shown zn figure 6, where, a further . 

lens element (15) with positive optical power.is placed 

as a unity-conjugate relay lens in the. centre of 

interconnect region .(5), .and lenses (4, 6) , o.f the 

embodiment of Figures 1-5 are replaced by lenses (16,17) 

respectively with shorter focal lengths.     Each of these 

lenses, is a bulk lens and may consist in practice- of a 

single bulk element or equivalent compound component with 

optical power such that (equation I0) : 

(IO) 
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wherefz5 is the focal length of ¯relay lens 

¯ (15), fz6 is the focal length of lens (16), and fz7 is the 

focal length of lens (17) . 

. 5 In the embodiment of figure 6, the spatial ordering of 

" the output ports is mirror-reversed about both~ the x and 

y axes in order to remain functionally ¯identical to the 

original switch design. The addition of relay lens (15) 

compensates for the reduction in focal length of (16, 

I0 17),~ For. the common case¯when¯ f~6 equals f~7, operation of 

the switch¯ will be maintained when relay lens (15) 

satisfies~equation ii: 

15 

2O 

Using a 32x32 switch as example, the optical path-length 

between hologram devices (i0,    II)    for the three 

embodiments is as follows. 

For the first embodiment, d~scussed with respect to 

F~igures 1-4, it has already been established that a 

minimal length for the interconnect region is 95 nun. 

For the ¯second embodiment discussed with reference to 

Figure 5, if f~3 = ~4 = 18mm then the central concave 

element has a focal length of. 5 5mm, and the interconnect 

length is 36mm. 

For the thi[d [embodiment . discussed ~with reference to 

Figure 6, if fz6 = f~7 = 18mm- then the central¯ convex 
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element has a focal length of 5.5mm, and the, interconnect 

length is 58mm. 

clearly the third embodiment is longer, but it has the 

advantage of ease of control of optical, aberrations. 

The diffraction efficiency of a reconfigurab¯le, hologram 

is typically less than 100% due to imperfect optical 

modulation and/or due to spatial dead-space within the 

I0 . hologram pattern. Some proportion of the¯ efficiency 

shortfall is often exhibited as an undeflected, "zero- 

order" beam where a zero-order beam- is one that passes " 

straight through both hologram devices (I0, Ii) . Without 

further enhancement to the switch, these zero-order 

15 signals can generate cross talk in the output ports and 

therebycorrupt proper switch function. ¯ 

2O 

25 

30 

Where this is ~ problem the embodiments may be.. modified 

so that the zero-order ¯signals p~ss safely out .of the 

optical aperture of thesystem.    Referring tp Figure 7, 

in a~ first switch, the input and output arrays (21,29) 

are offset to opposite sides of a system optic axis (18) 

whilst all other components remain symmetrically on-axis. 

Thus the optic axis (18) of the system passes through the 

centre of all lens elements-.in the switch,, but the input 

array (21) is offset completely to one side of this axis, 

and the output array (29) is completely offset-to the 

opposite side. ,    In addition, it .is apparent that. the 

optimum aspect ratio for the input and output .arrays, 

given the same maximum diffraction angle capability of 

the hologram devices, is now 1:2 rather than a’ square- 

array because of the system asymmetry.    This change in 

aspect ratio will typically be reflected in slightly¯ 
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higher design .values of parameter C (see .equation 6 

above) .         ~ 

The switch of Figure 7, due to the need to operate in an 

off-axls manner, may lead to ~he introduction of 

performance-limiting optical aberrations. 

I0 

15 

2O 

A configuration which is functionally identical but which 

allows the optical system to operate in a near-paraxial 

manner is to adopt the configuration shown in Figure 8. 

In the switch of Figure 8, the input and output’ arrays 

and alllens components remain symmetrically on-axis 

except a central field or relay lens element (22) or (25) 

which is laterally offset by a small amount. 

¯ 25 

-Referring to Figure 8, if a point (19) located on the 

optic axis in the plane of the input array (I) emits an 

optical signal then it may be interconnected to¯a point ¯ 

(20) located on the optic axis in the plane of the output 

array by deflecting an optical beam through an angle +A 

at device (i0) and through .an angle -A at device (ll). 

Angle A is a parameter determined by the switch designer 

in order to avoid Zero-order cross talk problems.¯ Points 

(19) and. (20) are typically, located in the geometric 

centres    of the    input    and    output    array    regions 

respectively. The required lateral offset, ~. of the 

central lens element, as shown in Figure 8, is then, 

(equation i2): 

30 a = (2/12 +ft~)x A (12) 

if the central, element¯ is-a negative lens as per figure 

~ 5, ’or 
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if the central element is a positive lens as per figure 6 

(equation 13): 

a=f,~xA . 03) 

In both cases A is measured in radians about the axis 

orthogonal to the direction of displacement of the. 

central lens. 

25 

3O 

I0’ Devices such as multiple-quantum-well modulator:arrays, 

acousto-optic and electro-optic cells and liquid,crystal 

modulators are all- potentially suitable devices for 

displaying reconfigurable holograms.      Hologram .devices 

(i0,ii) may in actuality be a Single hologram pixel 

15 array,    two individual hologram pixel ~arrays,~ or a 

" multiplicity. of pixel arrays. As discussed, above 

ferroelectric liquid-crystal (FLC) pixel arrays are. 

particularly well suited to holographic switches because 

they may be configured as phase holograms in a 

20 polarisation insensitiveway. Polarisation insensitivity 

is . particularly important for fibre-to-fibre switches 

where it is relatively difficult to ’control    the 

polarisation states enhering the switch. A thin layer of 

an FLC. material may also be conveniently integr~~ed. 

above a semi-conducting device . as a spatial light 

modulator (SLM). ~ In this case, circuitry on the’silicon 

chip acts as both addressable electrodes for modulating 

the liquid-crystal, .and as mirrors for reflecting the 

incident light.      -Holographic switches constructed With 

FLC-SLMs (Ferroelectric Liquid Crystal Spatial Light 

Modulators) can be reconfigured relatively, quickly.. 
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Referring to. Figure 9, an embodiment of a holographic 

optical switch using- reflective hologram devices will be 

described.. Such reflective devices may for example be 

FLC-on-semiconductor SLMs. Note that beam-splitters are 

often used in optical systems to accommodate components 

such as reflective SLMs.     However unless such beam- 

splitting components have careful polarisation control of 

the optical signal passing ¯through them, they introduce 

3dB optical loss per pass. Such constraints are 

unacceptable in many optical switching applications. 

15 

2O 

25 

3O 

The embodiment ¯discussed with reference to Figure 9 

therefore demonstrates a system without the use of beam- 

splitters. 

In figure 9,- the input array (!) and output array (9) are 

.arranged at the -ends of the switch optics.    The input 

signal beams are collimated by a first lens (32), and 

focused back into the output ports by a second lens (30). 

Two reflective hologram devices (35, 38) are .arranged. 

abou£ an interconnect region comprising¯ two lenses 

(34,37), and an additional relay or field lens (36) is 

added as required.    Due to the reflective nature of the 

hologram devices however, the optical signal beams must 

now pass twice through lenses ¯(34, 37) in opposite 

directions.    The inward and outward passes t~rough these 

lenses must also be¯spatially or angularly separated, to 

provide a zigzag path. The optical system therefore takes 

the~ form of a squashed Or upright ’Z’ respectively. In 

addition, lenses (33) and (39) have been added to the 

switch in order to compensate for these double passes. 

The combination of lenses (32) and (33) form an optical 

magnification stage (e.g. an objective lens)    which 
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projects an image of the input array in front of lens 

(34). Lens (34) then collimates the beams onto th~ first 

SLM (35) and feeds the signals into the"interconnect 

region.    Likewise, lens (37) collimates the beams onto.~ 

the ~econdSLM (38) and feeds the signals to the 

demagnification stage formed by the combination of ~lenses 

(39) and (30). 

10 

15 

2o 

25 

3o 

Figure I0 shows a partial block schematic diagram .~=of the 

switch of Figure 2. Referring.to Figure .I0, the spatial 

light modulator (II) has an~Icd screen area (211) which 

has associated control and drive circuitry (not shown) 

for powering the device. Memory circuitry (212) .stores 

hologram data and selector circuitry (213) responds 

control input (220) to effect switching as desired, by 

selecting a hologram pattern from the memory for display 

on the screen area (211). A computer (230) calculates a 

set of hologram data for storage in the memory cirGuitry, 

as will later be. described herein. The computer may be 

disconnected from the memory circuitry in use, once the 

hologram data has been derived. ~. 

In normal use, the Second collimating lens (6) provides 

output.beams (206 - only one shown for clarity) which:are 

parallel and applied to the liquid crystal Screen area. 

Upon the screen area a display is provided in accordance 

with a hologram pattern selected by the control input 

(220) and the incident beam is diverted by means ofi the 

hologram to the required output element in the .output 

a~ray (9, not shown). 

An ideal computer-generated hologram (CGH) is a spatial 

pattern of continuous phase and/or intensity modulation 
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generated by some fixed or r~configurable display device. 

In practice, processing limitations in producing CGH 

patterns,     and    device    limitations     in    displaying 

reconfigurable cGH patterns, mean thatpractical CGHs are 

typically spatially- sampled (e.g. pixellated) and then 

quantised to a discrete number of modulation levels. The 

most. common types of CGH provide phase-only .modulation, 

and are often limited to binary phase capability (e.g. 

0,~.) .    Because of the non-linear nature 0f the phase 

quantisation process, direct calculation of the optimum 

CGH pattern required to generate a particular pattern of 

replay .is usually impossible, and therefore heuristic 

iteration techniques such as simulated annealing or error 

diffusion have often been iempioyed for hologram design.. ¯ 

Iterative CGH design procedures provide a good balance 

between optimising the repiay.field generated by a CGH 

against some target field, whilst broadly minimising the 

unwanted noise in the replay. However, the inherent~ 

randomness that is typically programmed into .these 

algorithms also means that each calculation¯ cycle may 

create a CGH with unique noise characteristics, i.e. the 

user must intervene at some stage tO select the most 

appropriate hologram for his or her application.    This 

’hit and miss’ approach is not well suited to the use of 

CGHs for optical switches, .where the background noise in 

the .replay field must typically be well quantified in 

order to prevent cross talk build up within the system. 

There will now be described a design procedure .for CGH 

patterns sets that. is suitable for holographic optical 

switches. 
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~ Viewing the diffraction replay image c~eated, by a CGH 

~typically involves illuminating the " CGH. device with 

coherent or partially-coherent light, and then forming 

the Fraunhofer far-field diffraction image at some¯ 

subsequent plane.     Referring to Figure ii, the most¯¯¯ 

convenient arrangement    for achieving this    is to 

illuminate the CGH¯ 200 with collimated .perpendicular¯¯ 

light 201, and then to form ¯the replay¯image 202 in the 

focal plane of an infinite conjugate-ratio lens 203. 

According to scalar diffraction’ theory, ¯ the replay im~ge~ 

is related to the complex optical transmittance~ of 

CGH device by a scaled 2-dimensional Fourier transform. 

If the CGH is removed from the~ system then the- lens 

focuses the light into a single ’zero-order’ spot at the 

centre 0f~the replay field. With the CGH in place, light 

is diffracted out of this spot into an optical replay 

distribution of intensity and phase arranged in an (x,y) 
transverse plane about this zero-order location¯.= In some 

circu~mstances, the replay lens may not be present.    In 

these cases, the replay image, can be thought of as an 

angular sPectrum of. superimposed plane¯ waves. 

25 

3O 

In a holographic optical switch, the typical requirement 

¯ for the CGH pattern is for it ¯to produce a replay field 

with as much optical power .concentrated into a single 

output spot as possible. This condition minimises the 

routing loss through the switch and is usually achieved 

by defining a target field for the. CGH iteration 

procedure which contains a single peak at the required 

replay peak location (equation 14)¯: 
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where ~ is the idealisid delta-function replay 

peak profile, and (Xp, Yp)~ is the main replay spot location 

relative to the zero-order position. 

In addition, the locations and intensities of all noise 

peaks within the CGH replay field must also be well 

quantified in-order that. the switch can be .designed in 

such a way that this noise does not reach any of the 

switch o~tput ports - this noise could give rise to .cross 

talk within the switch. This design problem for 

ho!ographic switches can be tackled by examining the 

replay fields for all the CGH patterns that will be 

required to operate the switch in all configurations. 

The switch Inputs and outputs must then be placed in 

appropriate positions to avoid cross talk problems. 

However since the set of required holograms is actually 

determined by the positions of the inputs and. outputs in 

the first place, this cross talk minimisation problem is 

an iterative process by necessity.     The complexity of 

traditional CGH design procedures combined with the 

complexity of the switch design procedure means that it 

has not been possible to design large holographic 

switches according to the prior art knowledge. 

In summary, using an iterative CGH design algorithm has 

several significant drawbacks when applied to optical 

switching: i) it is difficult to control the noise 

distributions in ~hereplay fields that are generated; 2) 

the CGH design .algorithms are numerically intensive to 

calculate; 3) the target output spot position defined by 
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equation (i) has limited resolution.    The last point 

arises because the target field for the CGH algorithm is 

typically sampled, at the same resolution as. .(or an 

integer fraction of) the actual CGH display device; Thus. 

if the hologram display contains M pixels, then the 

target field also-contains a maximum of M discrete and 

evenly spaced ~ sample    points. Using    traditional. 

approaches to CGH design, the target peak may only be 

located on.these grid points. 

A non-heuristic method for generating phase-only hologram 

patterns suitable, for optical switch applications, has 

been developed based on the generation and quantisation- 

of a mathematical phase mask.     The method allows~.better 

resolution for the positioning of the target spot in the 

replay field, and allows CGHs to be determined rapidly, 

thereby allowing much greater iteration in thel.design and 

placement of the switch input and output ports-.     In 

addition, the noise fields generated by CGH patterns 

designed using this method can be accurately q6antified. 

in terms of-noise .intensity and location. 

Phase-only CGHs suitable for optical switches are defined 

by a pixellated base-cell pattern.     This base-cell is 

di.rectly calculated from the co-ordinates of the main 

replay spot for the desired hologram, .and is constructed 

using a rapid phase-quantisation procedure,    in order to 

form the final CGH, the base-cell pattern is. tiled or 

replicated in the (x,y) plane of the hologram display 

deviceuntil t.he entire aperture of the device ~is .filled. 

Therefore contrary to other CGH design procedures, the 

design of the hologram pattern does not directly relate 

to the resolution of the hologram display device. 
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Instead, the base-cell is itypicall¥ tiled a non-integer 

number of times, and generally a different number of 

times in the x and y directions respectively..     As a 

consequence of this " approach, the principal CGH replay 

mode location is not restricted to a discrete number, of 

locations, but can be placed anywhere within the 

addressable region of the CGH replay plane in a quasi- 

continuous manner. 

10 Furthermore, the design of the base-cell pattern is 

optimised to maximise [the. po~er in a single peak 

(henceforth called t.he ’principa!. ~mode’) of the CGH 

replay field. The precise location of this peak relative 

to the zero-order location is used to uniquely define the 

15 base-cell design of the hologram according to a 

deterministic    algorithm. Furthermore’, the    noise 

properties of the rePlaY field generated’ by the CGH can 

typically be described analytically in terms of a 

¯ summation of regularly spaced peaks (henceforth called 

20 modes).    Given the direct correspondence between base- 

cell pattern, principal mode location and noise field, it 

is .then a relatively simple matter to construct 

.procedures to design CGH sets for holographic switches. 

The speed of CGH generation, and the predictable, harmonic 

25 structure of the replay field are advantageous in~ the 

design ofhoiographic switches. 

The hologram base cell pattern, is calculated from the 

normalised angular deviation that the CGH is required to 

30 .impart upon a collimated paraxial beam of light incident 

upon the hologram pattern.     Thus if 8y & 8x~ are the 

(small-angle) optical diffraction angles of rotation that 

the CGH is to introduce about the y and x axes 
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¯ respectively then twodimensionless parameters 

that describe the principal replay mode coordinate for~ 

the desired hol~gram can be defined by:                :. 

.~z rip 0.~ --- (15) 

10 

.15 

2o 

25 

where k is the wavelength of light incident upon 

the CGH, :~ 

P is the pixel pitch of the CGH display 

device (along x & yaxial directions).                    .. ~ 

Alternatively (Dp,~p) may be defined in terms of .the 

physical coordinate of the principal.replay spot relative - 

to the z~ro-order location (equation 16): 

X;~ = 

where (Xp, Yp)    is the’ target 

(16) 

principal    mode 

locationfor the hologram, and 

f is the focal length of the lens used to 

form the far-field diffraction image. 

In order to calculate the~ base-cell .pattern that will 

route light to according to equations (15)~ and (16), .the 

normaiised target coordinate .(~p, ~p) for the principal 

mode should be written as rational numbers (equation 17): 

3O where Nx, Ny, Dx and Dy are integers. 
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However according to normal CGH diffraction theory, there 

is an upper¯ li~it on the maximum useful diffraction angle 

that may be generated by a pixellated hologram pattern. 

In terms of¯ the normalised target coordinates (~p,~p), the 

principal replay mode can only be ¯located within a square 

region bounded, by the .corners (-0.5,-0.5) tO (+0.5,+0.5) 

inclusively,    where    (8,0)    ~epresents the zero-order 

location.     The 4 integers that describe the ~hologram 

base-cell must therefore satisfy equation i8: 

15 

2O 

25 

3O 

where (Rx, Ry) is the resolution (in number of pixels) of 

the hologram display device. 

For cases where the normalised target coordinate of the 

principal mode cannot precisely be written as rational 

fractions, then coordinate (~p,~) should be rounded until 

it does satisfy equations (17)~ and (18). However it ¯can 

immediately be seen that the technique described here is 

advantageous compared tO prior art methods of hologram 

generation.    For ~example,    if Rx=Ry=25 pixels, -then 

simulated annealing provides a grid of only 625 locations 

where ¯the target principal mode can .be located.     In 

contrast,    the technique, described here provides ¯a¯ 

potential capability of I0,000 target¯ locations.    When 

Rx=Ry=100 then the advantage is even more convincing 

I0,000 locations vs. 2,316,484. 

D~and .Dy specify the size (number of. pixels) of the base’ 

cell pattern required tO define the. hologram. In general, 

the Smaller the values of Dx and Dy, the .more robust the 

hologram will be against any image errors within the 
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hologram device, and the cleaner the replay~ ~.fieid.~ 

generated, i.e. fewer noise peaks will be-present in the 

replay. The rational fractions of equation (40) mus____~t be 

simplified to their lowest denominator forms, .or the.- 

procedure for generating the base-cell pattern .will 

produce, incorrect results, i.e. Dx must not be an :~integer 

multiple of Nx and Dy must not be an integer multiple of 

I0 

-I 5 

The unique base-cell pattern for routing light, to 

coordinate (~p,~p) is now calculated in 2 steps. Firstly, 

(Equation 19) a spatially sampled, phase-screen ~ .is 

defined in terms of the above rational fraction.s. This 

phase-screen contains (Dx x Dy) sample points,: which 

correspond to the pixels of. the base-cell pattern.    A 

typical phase-screen is shown graphically in figure 12. 

2O 

25 

3O 

I). 

Where k = 0, I,2 ... (D~ - I), and 1 = 0,1,2 .... (Dy - 

In the second step, the phase’screen is phase-quantised 

to the same number of discrete, uniformlydistributed 

phase-levels, W, that are supported by the device that 

the hologram will be displayed on: 
(20) 

× × v}l ) 
where~.(k,l)is the final sampled and quantised¯ 

representation of the base-cell 
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pattern for the target hologram 

device, 

& j     is the complex operator (-i)~, 

&¯ exp(..i) is the exponential operator, 

.& :int(...} is a quantisation ¯function that rounds 

its argument to the nearest integer towards minus 

infinity. 

I0 

Table 2 below, gives some design examples of base-cell 

hologram images for binary-phase, devices. Here the base- 

cell patterns¯ are expressed in terms¯ of the relative 

phase-angle that the hologram display device must impart 

at each pixel.- These phase angles are.defined as~: 

15 

(21) 

2O 

Binary-phase (~ = 2) . 

CGH Base-Cell Design, arg{ ¢ps(]c~D}¯ 

rb=0.375, ~= - 0.25 i.e. (3/8,-i/4) 

~ 0 0 n 0 ~ 
0 ~ 0. 0 n 

0 ~ n 0 ~ " 0 
0 ~ 0 n ~ 0 

25 

To form the final hologram image on the display device, 

the base-cell pattern must¯ be tiled tofill the entire 

available hologram aperture. This replication will 

typically occur ¯a non-integer number of times,¯ and 

generally a different number of times in the x and y 

directions, figure 13~ 
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Fourier theory predicts that a non-integer number of 

replications of the base-cell will typically cause a 

phenomenon known as ’sPectral leakage,’ whereby a 

distortion of the spectral-domain (i.e. the replay field) 

occurs unless ¯a ¯’windowing’ function is employed. ¯ The 

holograms .generated are thus not illuminated by plane. 

waves, but instead by beams exhibiting apodisation. . This :: 

apodisation provides the required windowing function, and- 

ensures that the replays of the base-cell and -of .the 

10 final hologram image¯correspond.¯ 

15 

One example of a suitable apodisation function .~is the 

TEM00 Gaussian mode profile.’ This is a good approximation 

to the fundamental .optical profile emitted by most 

lasers, .waveguides and cleaved fibr@s.     ~A circularly 

symmetric TEM00 Gaussian intensity profile is usually ¯ 

defined in terms of a beam radius, w, as in equation 22: 

20                    E~ (22) 

If this Gaussian field is incident upon a hologram.device 

having a total optical aperture of A, ¯ then a¯,¯¯useful 

measure of the effect of the windowing function ~can be 

25~ gauged from the parameter 7, where (equation 23): 

7 = A (23) 

3O 

Empirically, it is found that values of 7=3 and above 

provide adequate Gaussian apodisation.     This Gaussian 

apodisation meets the windowing function requirement that 

the optical field ~£ntensity must tend towards zero~at the 

edges of the hologram device aperture.    Other optical 
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profiles may also be employed provided~this condition is 

met. 

Provided the apodisation function is appropriate, then 

the location of the principal mode generated by the 

composite tiled hologram Will be the sameas the location 

Of the principal mode that was used to design the base- 

cell pattern, Subject to " any limitations of scalar 

diffraction theory. In the case of Gaussian apodisation, 

it is- empirically found that approximately i 2 complete 

replications of the base-cell pattern should be present 

in the final hologram image in order to produce a 

reliablereplay image.     However provided this constraint 

is observed,    then the replay spots have profiles 

determined by the apodisation function, but the spot 

locations generated by. the aPodised CGH are the same as 

predicted by analysis of the base-cell pattern alone. 

2O 

25 

30 

Holograms designed according to the steps outlined above. 
typically exhibit a regularly Sp~ced array of noise peaks 

in their. replay images. In terms of~ normalised 
coordinates, if the principal mode is located - at a 

position denoted~ by the fraction N/D, then noise modes 

may also arise at fractional locations n/D, where n is 

any integer .between minus infinity and plus infinity such 

that n~N~ However not all indicated frac~i0nal locations 

may actually exhibit noise. The presence or absence of a: 

particular noise mode in the hologram replay can be 

predicted by examining the Fourier series for the base- 

cell pattern, i.e. the presence or absence~ of specific 

harmonics in the Fourier series reveals the presence or 

absence of the corresponding noise modes in the final 

hologram replay. 
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Binary-phase holograms are particularly important because 

they may bedisplayed on reconfigurable hologram display 

devices such as ferroeiectric liquid-crystal spatial- 

light-modulators see O’Brien et al    for example.    The 

basic modal¯ structure for a binary-phase~hologram replay 

image can be derived analytically from the target ¯peak 

position coordinates (~,~p) using Fourier theory. ~f D is 

calculated ¯as the !owest common multiple of Dx and Dy 

given in equation (17), ¯then the positions and relative 

intensities of the ¯replay modes are given by equation¯24: 

: If D is an even integer:: a2 
l " DI2 ~ ~ I "~ I 

15 - ’ . ~I ~~l [ D /J . 

if D is an od~ integer: 

~~[Dsin[ 2D n)J                          (24 

2O 

25 

The function Env(~,~) is an intensity enve!ope function 

calculated as the optical diffraction image of. a single 

CGH pixel aperture.    For square .or rectangular pixels, 

this function is given by equation 25: 

(25) 

3O 

where x is .a pi~el "fill-factor" term defined as the 

~atio of the pixel aperture that modulates light, divided 

by the pixel separation. 
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Equation (24) only includes the mode locations and 

signal/noise.powers. It does not include the mode-shaping 

or broadening effects caused by apodisation of the CGH 

illumination. Analysis of these effects generally 

requires a full diffraction calculationof the composite 

hologram image.     However, the relatively simple modal 

representation of the hologram replay distribution 

derived from the base-cell pattern (and equivalent 

expressions derived for hologram displays capable, of more 

than 2 phase-levels) is usually adequate to describe the 

performance of the CGH, and considerably reduces the 

calculation time required to design hologram sets for 

optical switches. 

15 
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In a first application, . a .reconfigurable CGH~ pattern 

designed according to the above procedure is used as an 

adaptive optical element in. order to route an optical 

beam or signal into an output port, optical receiver or 

detector. In this case using an illuminated CGH display, 

a Fourier replay lens and an output port or .p~rts which 

are located in the plane of the hologram replay image, a 

hologram or set of holograms are then displayed in order 

to locate the principal mode (or other replay mode) into 

the output port. In embodiments of the present 

technique, the principal mode can be located into the 

output port with much .greater resolution and precision 

than is achievable using alternative hologram design 

techniques. Using this technique, the~ principal mode can 

typically be located around the (x,y) planeof the replay 

image with sub-micron accuracy.    This high resolution is 

particularly important for alignment critical systems 

such as applications where the output receiver, is ~a 

single-mode optical fibre. 
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In a second application an array of optical receivers or 

detectors ~is placed in .the replay Plane of the hologram 

and the principal mode (or other replay, mode) is scanned. ’ .. 

about (x,y) in order to characterise the individual 

positions of the array elements.    In this embodiment, a 

device such~as a single-mode fibre array can be tested by " 

varying the CGH in order to maximise the. optical return 

signal in each fibre output and thereby determine the 

relative positions of the array elements.    In this way, 

it is possible to assess any alignment .errors or defects ~-: 

in the locations of the.array elements.                            ~ . 

In a third application~ the principal replay mode ~or 

15 other replay mode) is scanned about (x,y) in. order to 

determine the numerical aperture, linear aperture, or 

acceptance m0de-distribution of an output receiver or 

detector. 

20 

25 
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In a fourth application, simulated annealing or.other C~H 

design procedure is. applied to the base’cell pattern of 

the hologram (rather than to the, hologram, itself), in 

order to suppress a particular noise mode or modes, or 

otherwise to alter, the distribution, of.. optical, power 

within the-replay image. 

In a fifth application, the shift-invariant nature of the 

CGH image is utilised in order to. change or update the 

hologram image without altering the replay intensity 

distribution.. In this case, the base-cell pattern is 

placed at different locations Within the CGH ..aperture 

before it is tiled to fill the available .-display 

aperture.    Each CGH thus generated is a shifted and 

BNSDOCID: <WO 0125848A2 I ¯ 
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apertured version of the other CGHs, but the replay 

intensity image remains ~unaltered to all intensive 

purposes no matter which hologram is displayed.      A 

further set of hologram patterns can also be calculated 

such that when they are displayed in sequence, all pixels 

of the -hologram device spend an equal (or otherwi-se 

specified) amount of time in each.hologram phase state. 

The sequence may then be repeated for as long as 

necessary.     This application is particularly important 

for CGH devices such as FLC-SLMs, where the phase- 

modulating pixels must be continuously switched in order 

tomaintain a net AC voltage at each pixel, but where it 

may be desirable to maintain a constant replay image. 

It is well known to those skilled in the art that it is 

undesirable for liquid crystal devices to have a constant 

potential applied to them so that they remain in a 

predetermined bias s~ate for long periods of time. It is 

also known to those skilled in the art that holograms are 

translation~invariant. An advantageous technique is thus 

to scroll the hologram pattern (in either I- or 2- 

dimensions as appropriate) across the display device by 

One or more pixels at a time and at regular intervals. 

circuitry is accordingly provided for this purpose. Such 

operation has no effect on the functionality, by contrast 

to what would happen in a display application, where the 

viewer would see movement taking, place. The sequence ~f 

frames typically repeats when the shifted base-cell 

pattern used to generate each frame exactly coincides 

with a tiled version of the base-cell used ~to generate 

the first frame, i.e. the hologram has. shifted by an 

integer number of base-cell lengths.      Figure 14(a) 

demonstrates a frame sequence for a binary-phase hologram 
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device, with 7 pixels displaying a (0.25,0) hologram.    In 

this figure, the base-cell pattern shifts rightwards by 1 

pixel between each frame and the next.’ Note that each 

column of the sequence in ~hisexample achieves an equal 

overall amount time in each. phase state. 

For devices Such as FLC-SLMs, it may also be desirable .to 

minimise the number of pixels that must .undergo.~.phase- 

state changes per frame change whilst still achieving a 

near-constant replay field¯ This¯ is par.ticularly 

important in applications where there is continuous 

optical data stream passing through the system.~    For 

these applications it¯may benecessary to "evolve" each . 

frame into the next by altering one, or a group,¯. of 

pixels at a time, rather than instantaneously displaying 

the whole of the next¯ frame. Figure 14(b) shows a 

¯ partial sequence of the extra frames that could be 

inserted into the-sequence of figure 14(a) in order to 

reduce the number of pixels that change at a time.    In 

this example, only 1 pixel changes ~at a time in¯order ~o 

evolve frame #I of .figure 14(a) into frame#2~ Using the 

sequence of figure 14(b), there-may be some distortlion of 

the replay image due to the imperfect intermediate 

holograms that are introduced.    However, such distortion 

may be minimised by careful choice ofthe, frame sequence. 

3O 

For some base-cell patterns, simply shifting the hologram 

may not be sufficient to¯produce an equal duration in all 

phase states.     In this case, it may be necessary to 

introduce versions of the base-cell that hav~ been 

adjusted by. a ¯phase-offset of (2~.u)/~-. .where. u~ is an 

integer in the range I...~.     Because the offset is 

applied to all pixels, it doesn’t alter the replay :image. 
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H0weveri it does alter the .representation o2 the base- ¯ 

cell.    Figure i4(c) shows an example for a binary-phase 

.(0 2,0). hologram t, hat. combines .the .phase-offset method 

with/frame Shifting, 

In a sixth ,applicati~n, such holograms are used .to- 

construct an optical switch. Optical switches are 

emerging as an important enabling technology¯ for optica1 

networks.       Holographic optical switches that use 

reconfigurable CGHs ~toroute beams of light in free-space 

between arrays of optical inputs and arrays of optical 

outputs have several .important performance advantages 

compared to competing technologies such as scalability 

and high¯. signal to noise margins.     A ixM holographic 

Switch    is described    in    "Polarisatio~ insensitive 

operation of ferroelectric li:quid crystal devices", S.T. 

Warr and R.J. Mears, Electronics ¯Letters ¯ 31:9(1995) 

p.714-715 and an MxM switgh has¯ also been described. 

20 

25 

¯ 30 

Up until the present time~ ~the complexity of¯ hologram 

design algorithms, the limited ’-resolution’ available in 

the¯ ¯CGH replay field,    and the full    scalar-wave 

diffraction theory required to analyse the._replay images 

has-made it impossible, to .design holographic; switches 

with large numbers of ¯i~puts and outputs.     However, the 

currently described technique~ is capable¯. of providing 

much better prospects for. 

holographic switches. 

According to "Polarisation 

designing .these    large 

insensitive operation of 

ferroelectric liquid crystal devices", S.T. Warr and R.J. 

Meats, . Electronics Le~ers 31 9(19~5) p.714-715, a IxM 

switch comprises an input signal which is collimated to 
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illuminate a reconfigurable CGH; a Fourier lens .to form 

the replay image; and an array of optical outputs. The 

array of Outputs are placed in the replay plane of the 

hologram and various CGH images are displayed in.order to~ 

route the input signal¯ to one or more of the~ output 

ports.    The ixM switch therefore requires’ a set of at 

least. M different hologram images so that the input 

signal may be routed tO ¯each of the output ports.- The 

switch must be designed in such a Way that the outputs 

coincide with the locations of the principal replay modes. 

of the hologram set, but also: in ¯such a way that the 

noise modes generated by any hologram in this .set. never 

gives rise to a significant ou.tput-.signal." The challenge 

then is to design a set of "orthogonal" ¯holograms 

suitabie for- providing the switching function without 

introducing crosstalk. 

Thus,..the design of a set of holograms to implement a IxM 

switch is reduced t6 .the problem~-of determining.a"set 

M fractions defined: by.equation (17) ~hich..represe.nt both 

the CGH patterns required to operate-the switch, as well 

as the prQper l0cations for the output ports-as given¯ by 

equation    (16). Typically¯ there are ¯ a number of 

constraints¯ that must be satisfied by the chosen .set of 

fractions, including but not limited to: 

¯ -there may. be ¯some limit to the minimum allowable 

physical distance between any pair of outpu~ ports 

related to the physical dimensions (or other¯property) 

of these ports,                                                   : 

there may be some finite number of CGH pixels available 

which places a limit on the set of fractions that ican be 
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considered during- the. design procedure according to 

equation (19), 

I0 

¯ there may be.some maximum allowable variation of optical 

insertion loss¯ through the switch as it is, configured 

between the various outputs. Becausethe optical power 

diffracted into the principal replay mode generally 

declines with.~, increased angular deflection,    this 

constraint may determine the largest fraction that can 

be cons~dered in the design, 

15 

¯ there may be some time-limit allocated to complete the 

design, and therefore less useful fractions such as 

those with large denominators (which exhibit a greater 

number of noise modes) may be automatically excluded 
¯ from the design process 

2O 

25 

¯ there may be additional constraints introduced by the 

CGH display device, such as the automatic production of. 

a large zero-order spot, which may influence the final 

choice of fractions, 

¯ there maybe some crosstalk Specification for the switch ¯ 

which determines how close any noise.mode generated by 

any hologram in the set may be located relative to one 

of the output ports. 

The Set of fractions determines both the positions .of the 

output .~ports and the positions of the noise modes 

relative to these outputs. In Order ;.to minimise 

crosstalk, the design procedure must therefore¯ be 

iterative. Thus the ¯search for a suitable set of 

fractions for the ixM switch given the above constraints 
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can be solved using a goal-search procedure such¯ as ~any 

one of a number of well-known heuristic algorithms 

(examples include recursive functions and tree-searches). 

In this- case, a simple analytical expression- for the. 

5 location and intensity¯ of the noise modes such as given¯ 

by equation (24) for binary-phase devices, can¯greatly 

reduce the calculation time required to design the 

hologram set. 

10 

15 

2o 

PCT/GB00/03810¯" 

A similar approach can also be employed to design MxM 

switches.    An MxM switch comprises an array of .optical 

input signals; an array of reconfigurable CGHs.displayed : 

on a first ¯ hologram device; a free-space interconnect 

region; an array of reconfigurable CGHs displayed on 

second hologram device; and an array of optical outputs. 

The input signals are collimated to illuminate .~the array¯ 

of CGHs on the first device, are deflected¯ by the 

hologram images on this device and then propagate¯ across 

the .interconnect region where they are .allowed to 

spatially reorder.      The second ¯array Of .CGHs ~hen.. 

deflects the signals ¯into the output ports. In order to 

route any.input to any output, the optical signal~must be 

deflected through some angle at the first CGH .device~ and 

.then typically through an equal and opposite angle at. the 

second CGH device. 

3O 

For design of an MxM switch, the input port locations may 

be represented in normalised coordinates by (~,:~) - and 

the output port locations by (~o, to) ~     The holograms 

required to route an input to an output according~.to the 

¯ invention are therefore o-,~i) and (q~-no..~i~i-,~0). 

displayed in the correct array positions upon ~.the first 

and second hologram devices respectively.    In =addition, 
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the first hologram generates a.set of noise modes which 

propagate in different directions¯ and arrive at the 

second device in various 3patial locations..-The second 

hologram also has a. set of noise modes which allow 

different optical propagation directions, to reach the 

output port¯. Thus for each of the Mz differentconnection 

¯ paths between an input port and an output .port,’the noise 

modes generated by the 2 .hologram devices must be checked 

that they. do not give rise to an unacceptable crosstalk 

signal in any of¯ the other outputports. 

Thus even using a simplified expression for the ¯noise 

modes such as equation (24), the iterative placement of 

input and output ports for an MxM switch is a formidable 

task.    However in many applications¯ it is desirable for 

th~ input and output ports to be ¯arranged on a regular 

grid, e.g. ~=~o=z/z3, 2/z3, 3/13 etc.    Unfortunately, the 

noise modes generated by the holograms requi.red to 
¯ interconnect ports arranged in a regular fashion tend. to 

route noise straight into other output ports, thereby 

leading to severe crosstalk problems.      The solution 

disclosed here is to choose a denominator for the 

fractional locations of the input and output ports which 

is ¯ divisible~ by 2,3,4, etc. such that the noise mode 

distribution is more favourable.    An example of a 32x32 

switch configuration that exhibits very high signal-to- 

noise margins by using a denominator of¯ 60 (=3x4x5) is 

given intabie. 3. 

30 An alternative technique employs 

’picture’ of a beam-steering switch. 

a Fourier Series 

SUBSTITUTE SHEET (RULE 26) 

TS0000459 



WO 0112~848 PCT/GB00/03810 

10 

15 

2O 

55 

The phYSics is a 2"D version of¯ X-ray ¯diffraction from a ~ 

crystalline lattice of atoms, so the¯same notation and 

analysis, methods can be used. 

The input to the SLM is the far-field from the fibre or 

input waveguide, call this Fib(x,y). 

The SLM is ¯ treated as an infinite, periodic, ¯phase- 

modulation, Ph(x,y, A), of period A, multiplied by 

top-hat " function, Top(x,y)~ representing 

extent of the SLM. Hence the electric field 

phase modulation is given by equation 26 as 

Fib(x,y)~-Ph(x,y, A) ¯ Top (x,y)¯ 

(Fib(x,y) -. ~Top (x, y) ) -Ph(x,y, A) 

where the -represents multiplication. 

the ¯~finite 

just after 

(26) 

The output from the switch is¯ the .FT .(Fourier Transform) 

of ¯the electric field just after phase modulation ¯is 

given by expression 27¯as 

FT(Fib(x,y) .-Top(x,y) ) ..FT (Ph(x,y, A)) (27) 

where ~the * symbol represents convolution. 

25 

3O 

NOW, because the phase modula£ion Ph(x,y, A) is periodic 

and of infinite extent, the FT is an infinite set of 

delta functions of separation in ksin8 space of    2~/A, 

centred on the origin given by equation 28: .. " 

i=-~ j=~ ~ ,slnSy - (¯28) 

where ~ is the optical wavelength, 8x is the beam-steering 

angle from the x,axis, measured in the x-z plane, 8~ .is 
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the beam-steering, angle from the y-axis, measured in the 

y~z plane. In its most. general form A can be represented 

as a vector: A× and Ay are the x and y components of the 

period vector A. 

Input Port 

Locations 

" (-~/~o , -’/’,~) 

(--~/30 , --’i / ]~2 ) 

(-"/,o ~, -"/.,z) 

(-’/~o , -~/~s) 

(-~’/3o , -~’/~.s) 

!-~I~o , -~Iz~) 

(-~/~o , -~/2o) 

(-’/~o , -’/2o) 

i-~/~o , -~/~o) 

(-’/~o ¯ -’/:~o) 

(-~’/3o , -~/3o) 

(-~/~o , -~/3o) 

(-"/~o , -"/~o) 

(-~’/~o ¯ -"/~o) 

(-~’/:,o , -"leo) 

(-~’/~o , 0) 

(-"/3o , O) 

(-~’/:’o , 0) 

(-’/6o , +~/6o) 

(-"/3o , +~’/6o) 

(-~/2o , +~/6o) 

(-"/6o , +"/~o) 

(-~/~o , +"/3o~ 
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(-~/2o , +’13o) 

(-’16o , 

(~’/3o ,.+~/2o) 

(-~/6o., 

(-’/2o , +~/zs) 

(--L/60 , +1/12) 

(J’13o ¯ +’112) 

(+X/2o- , +X/3o) 

(+~/6o , ÷’/2o) 

(+"/~o ; -+"/2o). 

(+~/2o, +~’/2o) 

(+~/~o , +~/zs) 

(+’/3o , 

(+1"/20 t 

(+’/~o , +~/12) 

(+~/3o , +x/lz) 

Table 3 -¯Input and output port locations for a 32x32 

switch. 

I0 

15 

Due to the periodicity of the phase modulation we can use: 

Fourier series to calculate the amplitude, P99 , of each.~: 

of these delta functions: the answer is exact, assuming 

diffraction in the Fraunhofer .limit.    .For large-..beam-. 

s%eering angles the Fresnel obliquity factor ((l+cos@)/2) " 

should be included, but SLM pixels are not small enough..,.. 

for this to be relevant.    This .obliquity factor .(which 

arises from the electromagnetic scattering.prope.rties of. 

a Hertzian dipole) is the only fundamental reason, for a .. 

maximum beam-steering efficiency that .decreases with 

beam-steering angle. 

2O 

Let the.optical system be such that a .beam-steering angle~ 

O is converted to a transverse position,    L tanS. ~ 

Assuming sinO=tan8 we then have a set of .delta functions 

at output positions (u,~) given by.equation 29:             .~. 

Ax r Arj 
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The net output is the above, convolved With the 

FT(Fib(x,.y) ¯ Top(x,y) ).: call this g(u,v), or in words, 

the ~ output ’spot’     Hence what we get is g(u,v) (the 

output sPOt) replicated all over the output plane.with an 

5 amplitude (and phases depending on the value of the 

Fourier coefficients of the periodic phase modulation 

¯ according to equation 30: 

A transverse ¯translation of the phase modulation Ph(x,y, 

10 A) changes the phase of the Fourier coefficients Pi~ ¯ and 

hence the phase of the output spots, but not their 

.amplitude.     As long as the separation of- the ~delta 

functions is greater than the significant extent (in 

transverse-width) of the Output spots., each spot can be 

15 considered independent,, and hence the coupling efficiency 

into the output fibre or waveguide-is not affected by 

transverse translation of the phase modulation. 

2O 

2~ 

To .design a switch using beam-steering, the~ general 

objective is to position a .set of output fibres or 

waveguides so that for each configuration of the SLM, the 

selected output fibre or waveguide will receive ONE of 

these replications of g(u,v)- (one of the output spots),. 

and to minimise (or keepbelow a set threshold) the POwer . 

coupled from ~ any other (unwanted) replication of g(u,v) 

into any other output fibre or waveguide. 

3O 

A method has been previously presented    (M J Holmes et al 

"Low crosstalk devices, for wavelength routed networks,, 

IEE Colloquium, June 8~h, 1995) so that the unwanted 

output Spots will never couple perfectly (i.e. in perfect 

alignment) into any other waveguide or outPut, fibre. The 
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method in the paper was for a ’I:N beam-steering switch 

with output into a non-regular 2-D array of output fibres 

or waveguides. We discuss here: 

(i) a special case of the earlier method allowing beam- 

steering into a regular 2-D array of output fibres or 

waveguides. It -is this regularity, of the. output¯ fibre 

spacing that .allows the crosstalk suppression method to 

be further applied to an N:N switch. 

(ii) an extension of the earlier method in that it is 

recognised that even diffraction orders tend to be very 

weakly generated, particularly when the period of the 

phase modulation is an even number of pixels. This 

increases the number of allowable periods. 

SUBSTITUTE SHEET (RULE 26) 

TS0000464 



WO 01/25848 PCT/GB00/03810 

6O 

Claims        ’" 

I.    An opticalswitch comprising an input optical fibre 

array and a receiver array, and an optical system 

connecting the input optical fibre array to the receiver 

5 array wherein the optical system comprises a first bulk 

lens for receiving light from the input ¯optical fibre 

array, a first ferroelectric liquid crystal spatial light 

modulator, a second ferroelectric liquid crystal spatial 

light modulator, each spatial light mqdulator being 

I0 adapted for providing a respective selectable .~set of 

holograms, an interconnect region between said first 

and second ferroelectric liquid crystal spatial light 

modulators, and a second-bulk lens providing output light 

to the output array.                                         -~ 

15 

2O 

2~.    The optical switch of claim 1 further comprising a 

pair of lenses disposed respectively between said first 

bulk lens and the first spatial light modulator, and 

between the second spatial light modulator and the second 

25 

3.    The optical .switch of claim further comprising a 

pair of .lenses disposed ¯between said spatial light 

modulators to define there between said interconnect 

region.                                      ¯ 

30 

4. The optical switch of any of claims 1 -3wherein said 

spatial light modulators are transmissive. 

5. The optical switch of any preceding claim wherein 

the first bulk lens is disposed to provide a plurality of 

collimated light beams from said input optical fibre 

array, said past of lenses comprises a second lens and a 
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third lens,    said second ¯lens for receiving ¯said 

collimated light beams and providing a corresponding 

plurality of mutually parallel beams and .said.third lens. 

being disposed for receiving said mutually parallel beams 

and collim@~ing said beams, and said second bulk lens is 

a fourth lens being disposed for focussing said beams 

onto said receiver array. 

6,    The optical switch of any of claims I- 4 wherein the 

I0 first bulk lens is disposed to provide a plurality of 

collimated light beams from said input optical fibre 

array, said¯pair of lenses comprises a second lens and a 

fourth lens, the said second lens for receiving ~ said 

collimated light beams and providing a corresponding 

15 i~plurality of mutually convergent beams, the optical 

.system further comprising a third lens having a negative 

power, receiving .said convergent beams and. providing 

mutually divergent ¯output beams, and the fourth lens 

being ~disposed for receiving said mutually divergent 

20 beams and collimating said beams wherein said second bulk 

lens is a fifth lens being disposed for focussing said 

beams onto said receiver array. 

7.    The optical switch of any of claims l-4wherein the 

25 .first bulk lens is disposed to provide a plurality of 

¯ collimated light beams from said input optical¯ fibre 

array, said pair of lenses comprises a second lens and a 

fourth lens, the said second lens for receiving said 

collimated light beams and providing a corresponding 

30 plurality of mutually convergent beams, the optical 

system further comprising a third lens having ¯a positive~ 

power, receiving Said convergent beams and providing 

mutually divergent output beams as¯ a unity, conjugate 
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lens, and the fourth lens being¯ disposed for recelving 

said mutually divergent beams and collimating said beams_ 

wherein said second bulk lens is a fifth~ lens being 

disposed.for focussing said beams onto said receiver 

array. 

10 

15 

2O 

25 

3O 

8.    The optical switch of any preceding claim wherein 

the optical system has an oPtical axis and the input and 

receiver arrays are mutually offset to opposite sides of 

the system optical axis, other components remaining on- 

axis. . 

9.    The optical switch of claim 6 or 7 wherein the 

optical’ system has an optical axis and the input and. 

receives ¯arrays, the first, second, fourth and fifth 

lenses are disposed on the system optical axis and the 

third lens is laterally offset there from. 

i0. The optical switch of claim I, 2 or 3 wherein the 

spatial light modulators are reflective. 

ii. -The optical switch of¯ claim i0 wherein the optical 

system has a zigzag axis, and each of said pair of lenses 

is disposed with respect to an associated spatial light 

modulator: such that light travelling along said axis 

passes twice¯ through each of. said lenses. 

12. The. Qpti~cal. -Switch of claim I0 ~orll wherein each of 

said first and second bulk lenses has an associated 

further lens disposed to form an optical magnification 

stage. 
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13. The optical switch-of any of claims i0 -12 wherein 

a relay lens is disposed in the interconnect region.. 

14. The optical system of any of claims I0 -12wherein a 

field lens is disposed in the interconnect region. 

15. The optical switch of claim 13 wherein said. relay 

lens is disposed off-axis. 

I0 16. The optical switch of claim 14 wherein 

lensis disposed off-axis. 

:said field 

15 

17. The. optical switch of any preceding, claim wherein 

said input optical, fibre array and said receiver array 

have respective input- and output ports each comprising a 

respective 32X32 array .of ports, and said ports are 

disposed at normalised coordinate !ocations defined by: 

Output Por~: 

Locations 

(.no , ~o) 

(+’/6o , ";~’/,:,) 

(+1/3o ¯ -~/*z) 

(+I/30 , -~/~s) 
(+~/~o , -~l~s) 
(+*/~ , -~/~0) 
(+~/~0 , -~/~0) 
(+~I~0 , -~/~o) 

, 
, ~/~o) 
, ~I~0) 
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(-~/6o , O) 

(-’/~o , O) 

(-S/2o ~ 0) 

(-’/6o , 

(-~’I:~o., +~’16o) 

(-z/2o , +z/~o) 

(-Z/6o , +Z/3o) 

(-.Z/3o , 
(-Z/~o , 

(-’/6o , .+Z/2o) 

(-Z/3o , +z/:,o) 

(-z/zo , +’/2o) 

(-~/6o , +~Izs) 

(-~/2o , +~Izs) 

(-~/~o , +~./,,) 

(+~/.~o , o) 

(+Z/3o , 0) 

(+z/zo , O) 

(+Z/6o , +Z/6o) 

(+z/3o , +Z/6o) 

(-+~’/2o , +Z/6o) 

(+z/6o , 

¯ (+Z/3o , +*/3o) 

. (+~’/2o , +z/~o) 

(+Z/6o , +Z/2o) 

(+Z!3o , +Z/zo) 

(+Z/2o , +~/2o) 

(+Z/6o , 

(+Z/3o , +~/z5) 

(+Z/zo ,(+z/zs) 

(+’/6o , 

(+~/~o , +~/z2) 

IO 

15 

18    An optical switch ¯comprising an input optical fibre 

array and a receiver array, and an ¯ optical system 

Connecting the input optical fibre array to the recei.ver 

array whereln the ,optical system comprises a first binary 

reconfigurable spatial light modulator, a second binary 

reconfigurable spatial light modulator, each~. spatial 

light modulator being ~dapted for providing a.respective 

selectable set of holograms each for a desired switching 

operation, and a pairof lenses between said first and 

second binary reconfigurable spatial light modulators, for 

defining therebetween an inter~6nnect region, wherein 

each spatial light modulator comprises a display screen, 

memory circuitry for a pluralityof ~sets of hologram data 

and selection circuitry for selecting one of said sets 

according to a desired switching function, each stored 

set of hologram data being calculated by: 
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principal replay coordinates determining of a. said 

hologram according £o a desiredswitching function; . 

using said coordinates: 

calculate-the ’size in.pixels of a base cell; and 

evaluating a basei cell pattern by a phase 

quantisation procedure; 

and                                                                                   ~: 

replicating saidbase cell pattern data until the entire 

aperture of.the spatial light m6dulator is filled. 

19. An optical switch comprising an input Optical fibre 

array and a receiver array, and an optical system 

connecting the input optical fibre array to the .receiver 

array wherein the optical system comprises a first 

ferroelectric liquid crystal ~patial light modulator, a 

second ’ ferroelectric liquid crystal spatial    light 

modulator, each spatial light modulator being adapted for 

providing a: respective selectable set of holograms .each 

for a desired switching operation, and a pair of lenses 

between ¯ said first and second ferroelectric liquid 

crystal    spatial     light    modulators    for    defining 

therebetween an interconnect region, wherein each spatial 

light modulator comprises a. display screen, memory 

circuitry for a plurality of sets of hologram data and 

selection circuitry for selecting one of .said:k sets 

according to .a desired switching function, each Stored 

set of hologram databeing calculated by: 

determining, principal replay coordinates of a said 

hologram according to a desired switching function; 

dsing said coordinates:                       .. 

calculate thesize in pixels of a base cell; and. 

.evaluating a base cell°pattern by a phase 

quantisation procedure; 
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and 

replicating said base cell pattern data until the entire 

aperture of the spatial light m~dulator is filled. 

10 

15 

20. " The optical switch of claim 18 or 19 wherein said 

step of determining principal replay coordinates, of a 

desired hologram comprises 

determining the normalised angular ¯deviation upon a 

collimated paraxial beam required of a desired hologram; 

deriving.-from said deviation the principal replay mode 

coordinates for said desired hologram; 

21. The optical switch of any 0f claims 18 - 20 wherein 

said stepof calCulating comprises: 

converting said co0rdina~es to rational numbers each 

comprising a numerator and a denominator, wherein said 

rational numbers are simplified so thatsaid denominators 

have their lowest integer values,    and -.using said 

denominators as the number of pixels .for said base cell 

20 pattern. 

22. A method of. producing a -phase-only computer 

generated hologram for a- pixellate¢ hologram device, 

having a respective (x,y) plane and a predetermined 

25 number of uniformly distributed-phase: levels, the method 

comprising: 

. .~ ...~.. determining, principal replay coordinates of. a desired 

hologram; 

using ~said coordinates: 

30 calculating the size in pixels o~ a base .cell; and 

evaluating a ~base cell pattern by a .pha~e 

quantisati0n procedure; 

and 
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replicating said base cell in the plane of the said 

hologram device until the entire aperture og the device 

is filled.                                                       ~ 

23.. The .method. of cl~aim’ 22 wherein said. step- of 

determining~pri~cipa~i~-;~r~pi.ayi~coordinates of a desired 

hologram comprises - "                     .i 

determining the normalised, angular deviation upon a 

collimated paraxial beam required of a desired hologram; 

I0 deriving from said deviation the principal replay mode 

15 

2O 

coordinates .for said desired hologram; 

24. The method of claim 22 or 23 wherein said step of 

evaluating comprises: 

converting said coordinates to " rational ndmbers each 

comprising a n~merator and a denominator, wherein said 

rational numbers are simplified so that-said denominators 

have their lowest integer values, and using, said 

denominators as the number of .pixels for. said base cell 

pattern. 

25 

3O 

25. .The method of any of claims 21-24 and further 

comprising constraining said numerator and denominator by 

a predetermined mathematical relationship. 

26. The method of claim 25 wherein said mathematical 

relationship is specified by 

where Nx, Nr are said numerators and Dx, Dy are said 

denominators 
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27. The method .of any of claims 22-26 wherein said 

evaluating step comprises defining a spatially sampled . 

phase screen using said rational fractions such that 

@(k~l)= k .iV’, +I Ny                : 
~ D, Dy 

o 

wherein ~ is¯ the phase screen, k ¯=0,1,2 ...(Dx-l) and l= 

0, i.,2 ...(Dy-l) 

I0 

,15 

2O 

25 

28. The method of claim 27 wherein said evaluating step 

further comprises: 

phase-quantising said phase screen to said predetermined 

number of uniformly distributed phase levels using 

q~, (k,l) = vxp(2~j ×-int{d?(k,l)× ~}/v/) : 

where     ~,(k,l)     is . the final sampled and quantised 

representation/ of the base’cell pattern for the target 

hologram device,                                 ~ 

j     -is the ¯complex operat0r¯.¯ (-~)~, exp(...)is         the 

exponential operator,, and int{...}    is     a     quantisa~ion 

function that .rounds its argument to the nearest integer 

towards minus infinity. 

29. The switch of any of claims 18-20 having¯circuitrY 

for scrolling the hologram pattern across the display 

device by one or more pixels at a time. 

30. A method of operating the switch of any .of claims 

18-20 comprising scrolling the. hologram pattern (in 

either i- or 2-dimensions as appropriate) across the 
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regular intervals 

.- ..,- ~:~:PCT/GB00/03810 

more pixels at a time and at 
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TS0000489 



WO 02/101451 PCT/US02/18255 

APPARATUS. AND METHOD FORPROCESSING. LIGHT 

StatementReqardin9 Federally Sponsored Research or Development 

This invention was made with GOvernment support under 

ContractNo. N66001-972C-8620 awardedby the Defense.Advanced 

Research Projects Agency,. and under- Contract No. DEIAC04- 

94AL85000 awarded by the U.S. Department of Energy. The 

Government hascertainrights in the invention. 

Technical Field 

The present invention relates broadly to the processing of 

light~ More specifically, however, it~deals with directing a 

multiplicity of individual streams Of light, each having a 

different wavelength band, to one or more distinct outputs or 

receptors. It enables the direction of each of the wavelength 

bands to be changedin-order t0 direct the bands to different 

output locations, as desired. An apparatus and method in 

accordance with. the~invention are particularly Useful for 

controlling transmission of l~ght wit~ regard to optical 

~ommunication systems and, more particularly, for being, used in a 

programmable.wavelength selectiveswitch. 
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Background of theInvention 

In general, optical communication systems ~involve the.. 

encoding of information on beams of light and the transmission of 

this light through thin transparent Optical fibers,and other 

optical components. Fiber optic communications provides 

advantages over conventional electrical communications over 

copper communications-wire. For instance, optical fibers are not 

sensitive to electrical noise because light signals rather than 

eiectrical signals are transmitted through the optical fiber. In 

addition, because the frequency of the light used in optical 

communications is much greater than:the frequency of electrical. 

signals used in conventional copper wire, the communications rate 

for optical communications systems can be much greater than the 

communications rate of copper wire communications systems. 

Although the communication rate for fiber optic systems 

already ishigh, the demand for-e~er higher rates is continually 

increasing,-as is the demand ~or an ability to Selectively direct 

and swltch, light signals. Wavelength Division Multiplexing (WDM) 

has been developed in an attempt to support such increased 

demand. With.WDM,. several wavelength bands of light, following 

common paths~.through optical fibers and other components, may be 

utilized at the same time with each band carrying different 

information. For instance, a light beam m~y comprise four light 
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streams, each having a different wavelength~band (for.example~ 

wavelength bands around 1.5510, 1.5520, 1.5530, and 1.5540 

micrometers). The four streams may:all be.sent along-a single 

path through an optical fiber, witheach stream carrying 

different information. Thus, a single optical, fiber can be used 

to transmit four times the information, as compared to a fiber 

used for a single light stream comprised of.:a single wavelength 

. band. 

.Because each light stream can be modulated Go carry 

information at a very high rate, for example, at i0 Gbit.s/second, 

a WDM transmission having four light streams of four.distinct 

wavelengthbands, transmitted simultaneously, would yield data 

rates of approximately four times greater, or about 40 

Gbits/second, through a single optical fibe.r. :=     .~ ¯ 

In optical communication systems and elsewhere, it is 

desirable to separate, redirect, and-combine separate light 

beams. As is well known.to those skilled in the art of .optics, 

it is possible to separate, redirect and combine light¯ beams, .for 

.example, by use of. mirrors and lenses    Mirrors can be 

miniaturized and their positions switched and controlled to. allow 

the desired¯control of the directions of light beams. -However, 

this technique, controls the entire light beam in .the same 

fashion, and cannot individually and separately control the~ 
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individual light streams of different wavelength bandswhich 

comprise.the light beam. In order to further separate the 

individual light streams of different wavelength bands within the 

light beam, well-known optical devices such as wavelength- 

selective filters, prisms, and conventional diffraction grati.ng~ 

can be used A limitation of these devices i~ that different 

wavelengths of light are processed in a fixed manner and in a way 

that cannot be flexibly or selectively controlled. For example,¯ 

it is well-known that a conventional diffraction grating 

diffracts light in a defined and fixed angular relationship, with 

shorter wavelengths beingdirected at.a smaller angle relative to 

the input beam, and¯longer wavelengths directed at larger angles. 

This .angular relationship is fixed and thereby limits its 

usefulness in-directing light..streams with different wavelength 

bands. That is, a diffraction grating cannot bevaried or 

switched:to rearrange this angular relationship between two light 

streams with different r@nges of wavelength:-!t cannot be 

switched toreverse the-angular directions of the two streams or 

to direct both light streams having different wavelength bands in 

the same"direction.                                            .: 

Technology has been described recently for controllable or 

programmable diffraction grating devices. A controllable. 

diffractiongrating may employ anelectrostatic system for use in 
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moving a diffraction grating element. .Typically~ such. devices 

include an array of grating.elements that are .ableto be 

individually.displaced in at least one: direction to .collectively 

control the diffraction of a stream of light relative to the 

grating device. Generally, a grating element: is constructed., such 

that ,at least a portion of the element is made of a resilient 

material. A reflective coating is applied to .one side of the 

element to diffract the light stream. 

The element als0 includes a conductive or magnetic material 

to thereby allow an electronic or magnetic force to.be applied 

in order to flex the element. When the individual elements are. 

flexed, in certain manners, the diffraction of the light stream 

with respect to the array of elements is changed. ..The change in 

angle.of diffraction thereby alters the direction .in which the 

iigh.t ~stream is directed.                                              - 

O.S. Patent No. 5,905,571 to Butler et al.. discloses an~ 

optical apparatus for forming correlation spectrometers and 

optical processors. It teaches, a diffractive optical element 

formed on a substrate comprising a plurality of controllable: 

grating elements with a varying height of adjacent grating 

elements, and a modulation means to switch between, two grating 

states .in order tO obtain two differentcorrelations with. the 

incident light beam. This diffractive optical element is used 
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for correlation spectroscopy. A single input light beam is 

diffracted in a specified single output direction in order to 

perform an optical correlation function.~ In this teaching, a 

single specific angular direction 8 i~ selected for.the 

diffractive light with respect to the incident light, and the 

apparatus used to alter the intensities of different.wavelengths 

that are diffracted at that-angle 8. This patent is hereby 

incorporatedby reference. 

U.S. Patent No. 5,677,783 to Bloom et al. describes a 

deformable grating apparatus for modulating a light beam. It 

teaches mQdulating the intensity ofan input ray of light of a 

determinable Wavelength’ diffracted into a viewing cone, for use 

as an optical display. 

None of .these devices has been utilized %0 separate and 

selectively direct multiple input wavelength ranges from a single 

input beam to multiple ~output locations. None of these devices 

has been ~utilized to siparate and selectively direct multiple 

input wavelength ranges from multiple input beams to a single 

output location, nor to multiple output locations. 

There exist, therefore, additional unmet needs for methods 

and apparatus for processing light in Useful ways. The prior art 

defines needs to selectively control the directions of individual 

light streams of different wavelength binds. There are needs to 
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direct individual light streams of. different wavelength bands 

from one or more sources to outputs, and to selectively switch 

between different setsof directions. 

The present invention considers these problems and dictates 

and addresses the needs of the prior art. The present invention 

is an apparatus for~processing a band of light to achieve the 

-solution of problems and accomplishment of goals necessitated by 

the prior art. - " 

Summary of the Invention 

it is an object of. the present invention to separate and 

selectively direct, each of multiple input wavelength: bands of a 

:.light beam to an intended output. Another object of the invention.. 

¯ is the selected switching of an output receptor to which a defined 

wavelength band is directed. Such switching-is accomplished for 

one wavelength band independently of other wavelength bands. 

It is another object of the invention to direct different 

input wavelength ba~ds~ selectively, to a common output.. It .is a "- 

further object of the present invention to enable the division, and 

direction of a single wavelength band to multiple outputs. It is. 

a further object of the present invention to selectively direct 

each of multiple input wavelength bands of multiple input lig.ht 

beams to intended outputs. 

To. achieve these objects, ~he present invention is an 
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apparatus and methodfor processing light. 

transmitted along an axis from a source. 

contains individual light streams, each 

A beam of light is 

The beam of light 

having a .different 

wavelength band. Such a light stream within a wavelength band may 

contain a signal carrying information. The apparatus also includes 

a plurality of receptors which are positioned at defined locations 

A diffracting memberis provided to diffract the wavelength, bands 

of light transmitted from the source.    The diffracting .member 

effects diffraction of the wavelength bands to one or more of the 

receptors. A controller is provided to enable selective adjustment 

Of the member to accomplish diffraction of a selected wavelength 

band independent of other wavelength bands. The controller thereby 

acts to direct a signal c.ontained within one or mbre selected 

wavelength bands to be directed to one or more recipients.    For 

example, a signal may comprise information such as voice or data 

and may be communicated within one wavelength-band. 

The apparatus can comprise at least one fiber optic emitter. 

Further, the diffracting member can include multiple grating 

elements which operate to diffract at least one output stream of 

light having a wavelength band and carrying a signal and to direct 

that signal toward a predetermined receptor. 

A diffractive member for use in accordance with the present 

invention may comprise a plurality of grating elements for 
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diffracting incoming light/, a support to which the gra~ing elements 

are mounted, and means for selectively adjusting the grating 

elements. The elements may ¯ be- optically reflective .or 

transmissive. The adjustment changes the reflective:phase of the 

light reflected from, or transmitted through, each element,-thereby 

controlling the direction in which each wavelength band of .light is 

individually and selectively, directed to. a predetermined receptor.¯ 

The invention includes a method for directing, a particular 

wavelength band or multiple wavelength bands of¯incoming !light, 

.The method includes a step of providing a controllable diffraction 

grating which includes a plurality of diffraction grating¯ elements. 

The adjustments of¯the diffraction grating ~elements necessary to 

direct a predetermined wavelength band of the incoming light to a 

predetermined output receptor are ascertained.. Such .adjustments 

may be, for ¯example, adjustments of the position of each element. 

An array or group of diffraction grating elements are positioned 

¯ at the ascertained positions and work together.-~.~o.~ effect 

diffraction of the predetermined wavelength band of. light to a 

predetermined output receptor.                       : ~ 

The invention may be designed .to work with a plurality .of 

.input wavelength bands. Steps, as .indicated. hereinafter,~, may be¯ 

added as desired. For a diffracting grating utilizing, reflective 

elements, the positions Of the grating elements that are necessary 
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to direct a first predetermined wavelength band~ to a first 

predetermined output receptor and each additional predetermined 

wavelength band to a specifiedoutput receptor are ascertained. 

The diffraction grating elements are positioned at the ascertained 

positions to diffract each of the input.wavelength bands oflight 

to the specified set of output receptors. 

This embodiment may also be utilized to switch the directions 

of output signals so that the signalsare independently transmitted 

to the.same receptor or to different output receptors. The method 

can include additional steps to facilitate these functions. FOr 

the first disposition of the switch, the apparatus ascertains the. 

first set of positions of the grating elements that are necessary 

to direct the input wavelength bands to a first specified setof 

output receptors. For the second disposition of ,the switch, the 

apparatus ascertains the second set of positions of the grating 

elements that are necessary to direct the input wavelength bands to 

the second desired set of output receptors. .Thus by switching the 

grating elements between thetwoascertained sets of positions, the 

input wavelength bands are switched between the two sets.of .output 

receptors. 

In addition to the casewhere there is a single input beam of 

light containing multiple wavelength bands, the apparatus of this 

invention may be employed to direct andto switch input wavelength. 

TS0000499 



Wo 02/101451 . PCT/US02/18255 

bands in multiple input beams from multiple separat.e emitters.. 

The present invention is thus an improved apparatus and method 

for solving problems and addressing dictates of the. prior-art.. .The 

benefits discussedabove and other benefits will become apparent 

from the following description by reference to the accompanying 

drawings. 

Brief Description of the Drawings 

Figure 1 is a plan view of a controllable diffraction grating ¯ 

suitable for use with one embodiment.of the apparatus and 

method of. the present invention;.~                               . 

Figures 2a and 2b illustrate the vertical translation of grating 

elements in a controllable diffraction grating~which Can be 

utilized in accordance with the present invention;    ~ 

Figure 3 is a schematic diagram illustrating operation of. 

apparatus in accordance with the present invention in which 

an input light beam is separated into a plurality of.optical 

individual streams of. light, each having a different 

wavelength band, which are then directed to separate!optical. 

output fibers; 

Figure 4 is’a schematic d~agram of the embodiment shown in Figure 

3 with the output optical signals carried on individual. 

light streams, each having a different wavelength band, 

switched to a different combination of optical Output 
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fibers;                                     ~ 

Figure 5 is a schematic diagram illustrating an operation in 

which one.of the optical output signals, is directed to 

multiple opticaloutput fibers, and in which multiple 

optical signals.are combined and directed to one optical 

output fiber;                              ’ 

Figure .6 is a schematic diagram illustrating an operation of . 

apparatus in accordance with the present invention in which 

multiple optical input signals are redirected and provided 

to multiple optical output fibers; 

Figure 7 is a schematic diagram illustrating an operation of 

apparatus in accordance with the present invention in which 

multiple optical signals are provided to one optical output 

fiber; 

Figure 8 is a functional schematic illustration of a diffracting 

member in the form of a controllable diffraction grating 

employing reflective grating-elements to effect diffraction 

of an incoming light stream; and 

Figure 9 is a functional schematic illustration "of a diffracting 

member in the form of a controllable diffraction grating 

employing transmissive grating elements to effect 

diffraction of an incoming light stream. 
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Detailed Description of the Invention               ~ 

The present invention is an apparatus and method for 

processing.light. The apparatus functions to distribute and direct 

one or more optical signals, having different wavelength bands, 

emanating .from one or more optical¯ inputs, such as input fiber 30 

as seen in Figure 3, to one or more optical outputs positionedat 

"defined locations.    The optical signals .can be distributed and. 

directed to the desired output locations independently of one 

another.    The pattern of distribution of these signals can be 

volitionally selected and can be switched and rearranged from one. 

distribution pattern~to another. In effecting such switching, each 

optical signal can. be redirected independently¯ of the other 

signals. 

As will be discussed hereinafter with reference to a specific. 

embodiment of the invention, positions of the grating elements14 

of Figures i, 2a and 2b within .a controllable diffracting grating 

i0 can be varied in a direction generally perpendicular to a plane 

defined, by ~ a coplanar configuration of elements .~14.     .Such: 

positional: adjustment functions to effect an optica! phase shift 

(or, less ideally, regulation of amplitude) of the light emanating 

from the optical input orinputs. Control of these processes is 

achieved by use of a controller 34 .as in Figure 3. As. will be 

discussed hereinafter, grating elements 14 can be either reflective 
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or transmissive.     In either casei phase shift 

regulation is. controlled by the controller 34. 

adjustments--can accomplish individual control of 

wavelength bands of the light stream. 

or amplitude 

Again, such 

the various 

The.set of phase shifts for each of the grating elements 14 

which are required to generate any desired distribution pattern can 

be calculated. A variety of diffraction models can be employed for 

this purpose. The most simple model, and one which applies when the 

width of the individual grating elements is larger than the 

wavelength being focused upon, is Fraunhoffer diffraction. In this 

model, ~the .diffraction from the array of grating elements 14 .is. 

determined by the Fourier transform of the phase profile imposed 

upon an incident optical wavelength band by the grating array. 

Thus, the problem of designing the phase profile is equivalent tO 

finding a profile whose Fourier transform exhibits the appropriate 

spatial and spectral properties. This .type of calculation is known 

as.a "phase retrieval" problem. 

.For a verysimple switching application consisting of one 

input direction, one wavelength, and one output direction, the 

phase profile produced by the array need only contain a-single 

spatial frequency. More complicated’ switching applications 

consisting of multiple input wavelengths and multiple output 

directions require the phase profile tocontain a large numberof 
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spatial frequencies. In such a case, .there are a.number..of phase. 

retrieval algorithms such as Iterative Fast-Fourier’Transform 

(I~FFT) , simulated annealing~ and genetic algori:thms, that can be 

employed to. determine the appropriate deflection profile.. 

.In the Fraunhoffer diffraction regime, Fourier transforms and: 

inverse Fourier transforms are.used to move back and forth, between 

x,space (defined as the positional space measure along, the: grating 

array) and u-space, where u is defined by the formula: 

sin ® 

wh~re 0 is the outgoing diffraction- angle, ~ .is the wavelength 

under consideration and normal incidence has been.assUmed.~for the. 

incoming radiation.    For optical switching, one must direct 

series of input wavelengths (~i) into a sequence of predefined 

output ports that are located at different diffracti0n.angles 

Thus, one must design the x-space phase profile ~(x): to diffract 

the desiredfraction of the incident optical energy into each of 

set ofu-space-points given by the formula:             ~.~ 

_ s~n ®j 
u~.j 

The desired intensity distribution, into the set. of uTspace-points 

defines a.desired u-space spectrum. ~The IFFT~algorithm begins by~ 

takingthe square-root of the u-space spectrum to obtain the u- 
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space amplitude profile. The ulspace ¯amplitude profile is combined 

with an arbitrary phase profile in order to obtain¯ a complex u- 

space profile. This profile is Fourier transformed tO x-space, 

yielding a complex x-space profile. The amplitude of the¯x-space 

profile is replaced.by a profile that represents the known input 

intensity profile, while the phase of the x-space profile is 

retained..~ The x-space profile is then transformed back to u-¯space, 

where the amplitude is replaced by the desired u-space amplitude 

and, once again, the phase is retained. This procedure is repeated 

until theu-space amplitude profile obtained by transforming the 

space profileconverges onthe desired u-space amplitude. At this 

point, the x-space phase¯profile is the phase profile that should 

be produced by the grating array. 

~ As previously mentioned, the grating elements 14 can be either 

reflective or transmissive~     Figures 8 and 9, respectively, 

schematiCally.illustrate these two types of diffraction. Figure 8 

illustrat~s ¯a series of grating elements 14 which diffract the 

incident-, light with each ¯element 

controllable relative phase¯ shift 

the invention, the grating~ elements 

creating an individually 

Although not¯ essential to 

14 shown in ~Figure 8 are 

illustrated in a ¯coplanar configuration. Again, however, it will 

be understood that their relative locations can be adjusted 

(typically, up ¯and down as viewed inFigure 8) in order to adjust 
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the relative phase shifts and thus effect diffraction of -the 

wavelength bands to desired spatial locations at which receptors 

are positioned. 

Figure 9 illustrates a situation where the grating elements 

14’ are transmissive. This can be the case where the elements 14’ 

are, for example, liquid crystals.     The incident ¯light is 

diffracted by the grating elements 14’ with each element providing 

an individually controlled relative phase shifts ~x-~N~. As in the 

case of Figure 8,~ grating elements 14’ in Figure 9 are shown in a 

coplanar configuration. Again, the relative phase shift of the 

light diffracted by of these elements 14’ can be’ adjusted (typilcally 

by application of a voltage to each of the liquid crystal elements 

to adjust the opt±cal path length) to vary the spatial .positions to¯ 

which the wavelength bands are diffracted. 

Referring now to¯ Figures i, 2a, and 2b, a controllable 

diffraction grat±ng 10 is described.    Those. figures illustrate 

construction of a controllable diffraction grating for use in 

accordance with the present inventio~.¯ ¯Figure¯l is a¯ t0p plan view 

of a controllable diffracting grating devicethat-may¯be utilized 

with the present invention. It will be understood, however, that, 

while a specific controllable diffraction grating structure is 

illustrated, other structures are specifically contemplated for 
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effecting diffraction of light in accordance with the present 

invention.     For example,, liquid., crystals, etc., as discussed 

hereinbefore, could also be used as the diffractive element. 

The device shown generally includes an array of elements 14 

for diffracting the incoming light. Also shown are a support to 

which the grating elements are mounted, and means for selectively 

adjusting the position of the ~grating elements relative to the 

incomi~ng .light so that the direction in which each wavelength band 

of light diffracts can be varied and a wavelength band is 

individually and selectively directed to a desired .receptor. In 

this device, a base substrate 12 supports the diffraction grating. 

¯ The individual diffraction elements comprise grating elements 14, 

each having a diffraction surface 16, a resilient layer 20, and 

means for adjusting .the position of the grating elements 14 

provided, by electrode 28 connected through conducting layer 13 to 

an electrical~ control Voltage V.    The grating elements 14 and 

resilient layer 20 are ~paced from each other by support members 

-18, and the resilient layer 20 is spaced from the base substrate 12 

by. support members 24. The device ~also comprises additional layers 

15 and 17 that provide electrical~insulation, grounded electrodes 

26, and ground connections 19 to the resilient layer 20.    The 

specific details of a similar device to that shown in Figures i, 2a 

and 2b are discussed in U.S. Patent No. 5,757,536 to Ricco et al. 
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and in U,S.. Patent Application Serial No. 09/537,936 to Elmer Hung 

et al.    These are hereby incorporated by reference. 

As shown in Figures 3-7, an apparatus configured @cco~ding to 

the present invention can provide a variety of functions. .For 

example, the apparatus, can take a single input beam, :.separate it 

into a plurality of output light streams, each having.la, different 

wavelength band and forming a signal, and direct the output light 

stream to different output receptors. An ,input light.~beam c.ould~ 

emanate from the end of an optical fiber~ from an optical 

waveguide, or other source. Typically, an optical output fiber is 

placed to define each output receptor. An output receptor may also 

be defined by an optical detector or by an optical waveguide. The 

direction of each output signal can be selectively and 

independently adjusted to enable the output signal to enter any one 

or more of the output fibers. 

-Add.itionally, light from Zhe signal may be collim~ted:with an 

optical collimating device 32. °prior .to ¯being provided to- the. 

controllable diffracting grating i0, and the.light diffracted by 

the grating I0 can be focused with an optical .focusin~ device 38 

while being directed to output¯ fibers 36, Collimating and focusing 

devices 32 and 38, respectively, may include one. or more optical 

elements such as lenses, mirrors, apertures and the like. 

Figures-3-5 show. some examples of the various device¯ 
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operations capable with the present invention.    For example, as 

shown in Figure 3, output signa! ~i is directed to the leftmost 

output fiber~ 36-1, ~L2 is directed to the centeroutput.fiber 36-2, 

and ~ is directed to the rightmost output fiber 36-n. ’In Figure 

4, the directions of the output signals have been changed, by 

operating grating members 14, and they are shown as entering 

different output fibers. As shown in Figure 4, output signal ~i is 

directed to the rightmost output fiber 36-n, ~2 is directed to the 

leftmost output fiber 36-1, and ~n is directed to the center output 

fiber. 36-2.~ These changes in the direction are madeby the precise 

arrangement of the positions of the different grating elements 14 

to achieve the phase.shifts calculated by the method .previously 

described, and as implemented by controller 34.    In order to 

effectuate a Change in the directions of the-output signals, the 

positions of the grating elements are reconfigured into a new 

arrangement, calculated as described previously. 

Figure 5 shows two other types of output operations .capable 

with a device in, accordance~with the present.invention. As shown, 

both of the output signals ~x and ~, are directed to the leftmost 

output fiber 36-1, while ~2 is directed to~both the center output 

fiber 36-2 and the rightmost output fiber 36-n. The directing-of 

signals ~x and ~ show that a user, connected to a particular output 
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fiber 36-1, can receive a large amount of information at once.. The 

directing of signal ~2 shows that several users can receive the.same 

information at the same time. 

The device-of .the present invention may also be utilized to 

receive input beams from several fibers or other sources at the 

same time. InFigure. 6 the device takes several input signals .from 

multiple input.sources.and selectively directs them to several 

output fibers 36-1 - 36n. In Figure ~7,".’t~e device takes .several 

input signals from multiple input fibers 30 and ~directs them.into 

a single .output fiber 36. In an alternative embodiment, f±bers 30 

can be replaced byan array of individual waveguides. 

The controller 34 is a device that directs movement of the 

individual grating elements into the proper positio~ing to 

effectuate the direction of the output signals_ to the correct 

output fibers 36    The controller 34 may inciude one or more 

electronic control circuits for addressing and actuating, the 

grating elements 14 of programmable wavelength s~lective switch i0. 

Controller 34 may .also include a microprocessor or means for 

accessing the controller .by an external microprocessor or computer. 

The position of the grating elements is provided,..as shown, by 

selectively adjusting the positions of the grating elements 

relative to the. incoming light.so that adjustment of the .grating 

elements changes the relative optical phase of light diffracted 
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from each element, and.hence. the direction in which each wavelength 

band, or wavelength bands, of.light, is individually and selectively 

directed~to a desired receptor. Any means known inthe art. may, 

however, be utilized for positioning the grating elements. 

Opera~ion of the controllable diffraction grating i0 is 

illustrated in Figures 2a and 2b. During operation.of controllable 

¯ diffraction grating I0, each grating element 14 is translated in a 

direction generally perpendicular with respect to the .underlying 

base 12. Translation is provided by applying a voltage to one or 

more actuating electrodes 28, thereby forming an air gap capacitor- 

between one or more actuating electrodes 28 add resilient member 

20, which can be grounded. The resultant electrostatic force of 

attraction tends to flex resilient member 20, and in turn move 

grating element 14 toward the actuating electrodes 28.    Landing 

electrodes .26 prevent resilient member 20 from contacting one or 

more of the actuating electrodes 28.      By calibrating the 

electromechanical characteristics-of the grating e~ement, the 

voltage required to move each grating element to a desired position 

may be calculated. 

It will be understood that,, irrespective of the diffraction 

operation illustrated in Figures 3-7 being performed, the present 

invention enables selective and independent direction and 

redirection of a single wavelength band of light Or multiple. 
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wavelength bands of light to be accomplished. This. can be-done 

independent of the status of other bands of light. ~The present 

invention thus.affords significantly greater, versatility than :that 

presently known in. the art. 

It will be understood that this disclosure, in many respects, 

is only illustrative. Changes may be made in details, particul~rly 

in matters of shape, size, material, and arrangement of parts 

without exceeding the scope of the invention. AccordinglY, the 

scope of the invention is as defined in the language ofi. the 

appended claims. 
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WHAT IS CLAIMED IS:~ 

Apparatus for processing light, comprising: 

(a) an emitter for-transmitting light including multiple 

wavelength bands generally along an axis, each band 

including a distinct related range of collateral 

wavelengths; 

(b) a plurality of spatially positioned receptors; 

(c) a diffracting member for diffracting said wavelength 

bands to various of said receptors; and 

¯ (d) a controller for selectively adjusting said diffracting 

member to independently vary the receptor to which each 

wavelength band is diffracted¯ 

2.    Apparatus in accordance with Claim i wherein said 

diffracting member is a controllable diffraction grating. 

3.    Apparatus in accordance with Claim 2 wherein said 

controllable diffraction grating comprises a plurality of 

diffractive elements, each element being individually 

controllable by said controller. 

4    Apparatus in accordance with Claim 3 wherein said elements 

effect diffraction by regulating the reiative phase of light of 
÷ 
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said wavelength bands, emanating from each element. 

5.. Apparatus in accordance with Claim 2 .wherein said .controller 

is programmable.         ,                                          . 

6.    Apparatus in accordance with Claim 5 wherein said 

diffractive "elements are controlled by said controller to.vary 

the relative positions thereof to effect diffractionof said 

wavelength bands. 

7.    Apparatus in accordance with Claim 5 wherein said 

diffractive elements are reflective.                        .. 

8.    Apparatus in accordance with Claim 5 wherein said 

diffractive elements are transmissive. 

9. Apparatus in accordance with Claim 2 wherein said elements 

effect diffraction by regulating amplitude Of said~wa~elength 

bands 

I0. An optical processor, comprising: 

(a) an optical input transmitting a plurality of 

copropagating optical signals, each signal having a 
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distinct wavelength band; 

(b) a plurality of optical outputs; 

(c) a ~variably controllablediffraction grating member 

including a .plurality of diffractive elements, wherein 

one of the relative phase shift .and amplitude of said 

copropagating optical signals processed by each element 

is individually controlled; and 

(d) a controller operatively connected to the variable 

diffraction grating member to control the wavelength 

bands so as to direct the plurality of copropagating 

optical signals to s~lected one or more of said optical 

outputs. 

ii. An optical~processor in accordance withClaim i0 wherein the 

�oPropagating optical signals define communications information. 

-12. An ~optical processor in accordance with Claim i0 further 

comprising optics intermediate said optical input and said¯ 

variable diffraction grating member to direct a copropagatin~ 

optical signal¯onto said variable diffraction grating member. 

13. An optical processor in accordance with Claim 12 further 

comprising optics intermediate said variable diffraction grating- 
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member and an optical output to direct a copropagating optica! 

signal onto a corresponding,¯ selected optical output ...... 

14. An optical processor in accordance with¯Claim i0 wherein 

said optical input comprises an emitting end surface of an 

optical fiber. 

15    An optical processor in accordance with Claim i0 wherein 

said optical outputs comprise end Surfaces of respective optical 

fibers.                                                        . 

16. An optical processor in accordance with Claim i0 wherein 

said optical input comprises a light-emitting region of an 

optical wave guide. 

17. An optical processor in accordance with Claim i0 wherein 

said optical outputs comprise input surfaces of respective 

optical wave guides. 

18. An optical processor in accordance with Claim 10..wherein 

said elements of said variable diffraction grating member a~e 

.reflective. 
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Anoptical processor in accordance with Claim i0 wherein 

said elements of said variable diffraction grating member are 

transmissive. 

20. An optical processor in accordance with Claim-10 wherein 

said diffractive elements are controlled by said grating member 

to vary the relative.positions thereof to effect diffraction of 

the wavelength band of each copropagating optical signal. 

21. ~n optical processor in accordance with Claim i0 wherein 

said processor comprises a plurality Of optical inPuts, ~each 

transmitting a copropagating optical signal having a distinct 

wavelength band. 

22. An optical processor in accordance with Claim i0 wherein 

said controller is electrically operated. 

23. A method of processing light emanating from an input and 

-directing each of multiple-distinct wavelength bands of the light 

to a desired receptor, comprising the stepsJof: 

(a) directing the light along an axis; 

(b) diffracting the wavelength bands of the light in 

different directions; and 
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(c) selectively varying the direction of each wavelength 

band to a receptor, independent of other wavelength 

bands. 

24. A method in accordance with Claim 23 further comprising the 

step of allowing redirection of each wavelength band to a    ~ 

different one of multiple receptors. 

25. A method for directing a particular wavelength band of-a 

plurality ofwavelengthbands of incoming light, comprising the 

steps of: 

providing a diffraction grating including a plurality of 

diffraction grating elements; 

caicu.lating, a position and orientation of each diffraction 

grating element necessary to direct a wavelength band 

of the incoming light to a predetermined output 

location; and 

positioning the diffraction grating elements .in calcuiated 

positions and orientations todiffract the wavelength 

bands ~of light to predetermined output locations. 

26. An optical processor, comprising: 

(a) a plurality of optical inputs, each transmitting one or 
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more copropagating optical signals, each signal having 

a distinct wavelength band; 

(b) an. optical output ; 

(c) a variably controllable diffraction grating member 

including a plurality of elements, wherein one of the 

relative phase shift and amplitude of said 

copropagating~optical signals processed by each element 

is individually controlled; and 

(d) a controller operatively c0nnected to the variable 

diffraction grating member to control wavelength bands 

so as to direct the plurality of c0propagating optical 

signals to said optical output.. 

27. An optical processor in accordance with claim 26 wherein 

said controller is,operatively connected to the variable 

diffraction grating member to control the wavelength.bands so as 

to direct the plurality of copropagating optical signals to a 

plurality of optical outputs. 

28. A wavelength selective optical switch for directing one 

wavelength band~ of multiple bands of incoming light transmitted 

by an emitter, comprising: 

(a) a controllable diffraction grating comprisin_g a 
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plurality of grating elements for diffracting the . 

incoming light; and                                 ~ 

(b) a controller f~r Selectively adjusting a position of 

each grating element, wherein a direction¯ in which~each 

wavelength band of light is individually and 

selectively diffracted to a desired location is ~ 

controlled. 

29. A switch according to Claim 28,. wherein said controller¯is 

configured to adjust one or more of said grating elements~ and 

wherein adjustment of said grating elements changes the direction 

in which each wavelength band of light is individually and. 

selectively diffracted to predetermined locations. 

30. A switch according to Claim 28, wherein said controller 

electrostatically adjusts, the position-of each of said grating¯¯ 

eIements.                                                         ’ 

31. A method for directing a pluralitY of wavelength bands of 

incoming light, comprising¯ the steps of:                             ~ 

providing a diffraction grating including a plurality~,of 

~.diffraction grating elements; 

determining locations of the plurality of diffraction. 

-31- 

TS0000520 



WO 021101451 PCT/US02/18255 ..... 

grating elements necessary to direct waveiength bands 

~of"the incoming light to desired output locations; and 

positioning the plurality¯of diffraction grating elements at 

the determined locations to selectively diffract a¯ 

waveiength band of light to a predetermined output 

location independently of other of the wavelength 

bands. 
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We d~scn’be results of a high-r~soludon (0.Snm) holographic, digital mule-wave.length filter, 
based on a .~c liquid crystal (FLC) spatial Iight mc~,l~,or (SLM). TI~ filter has 
applicadom as a wav~-division-multiple~ing (WDM)"technol~,y for use in optical 
te2ccomrnunications. The l:~_l:~risation-insensitive FLC SLM a~ing aS. a programmable 

holographic ele:me~ in conj~on with a highly wavelength-dispersive fixed diffractive element 
has bex:n usvd to p~’form a r~rmb~ of important WDM functions: DcmuldpleT.ing of single and 
m~dtipl~ (up tO 4), segment~ pa~sbands spaced by 0.Snm, and dyrmm;c en-bium-dope~ fibrv 

~e~ (F.DFA) gain equalisador~ Apodisation of the filter passband has bern &~tratvd. and 
optical add/drop multiplexing is also possible using tt~ holographic t~.hnique. The filter offers 

potential low loss, ex~]~_~t crossta]k characterisitcs, ~.d a high resolution over a larg~ tuning 

mnge.     _ 

Introduction 

TI~ dev~ of the erbium-doi~ fibr~ empli~r (F.~DFA) [I] ~ ~ up ~ ~ib~ of v~ ~ 

Holographic F’dtex Operation 

The operation of the higl~resolution tunable holographic wavele~,th filter, shown sctw~tically in figur~ 1, is 

based on th= wavr.le.ngd3-<tisl:~five nature of diffraction gradngs: On its own, dxe SLM pixel pitch (1651J.m) is 
too large for useful tuning to be obtair~d. Howevvr, a fixed b]~,_,~_diffracdon grating of high spatial frequency 

(300 lineS/ram, i.�. line-pair width of 6.66pm) used in conjunction with the SLM yields a cornpac~ high 

resolution filter. The use ofan �IP.~a~cally addressed SLM (EASLM), to display a desired phase paten, 
provides a programmable grating (i.e. a hologram) whose spatial period can ix: alte~:d at will In addition; 

holograms can be designed to have muldpl¢ spatial pcxiods, to allow multiple wav¢l=ngth tuning. A. leas placed 

after the SLM and fixed diffraction grating convertsthe angular separation of wavelengths to a spadal 
separation, and a singl¢-moded (SM) optical fibr~ acts as a fixed spatial filwr to s¢lec~ the de.aired wavelengths. 
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Input SM fibre 

grating 

of line-pair width 6.66p~ 

Axis 

b~nal7 
128x128 FLC SI.M, 

FLC SLM P~ Corf~olle¢ 

l=igum 1: Schemafi~ diagram of polarisation-insemitive halographic wav¢lenglh filter 

Tunable Holographic Wavelength Filter 

The cm,e.u~ filter l’ms a tuning rang~ of 12.4nm in steps av~agi~g 0.22rim, with a 3dB passband of 

is polarisafion-inscnsitive. Figure’2 shows th~ spectral profile of th¢ filter t~ansmission using a holo~~-’~:~. 
Without apodisation, it is close to Gaussian in shape. I-Iowever,. beyond 0.66nm either side of 

Hologram (a) 
10 

-40 
1542.0                       1"543.0 

Wavelength (rim) 0.2nm/div 

Figure 2: Logarithmic plot of filter passband with FWHM=0.34nm 

wavelength, tlm filter extremities depart from Gaussian behaviour and has the larger ’~it~’, as i]!us~ ~ 

figure, of a Bessek function, which convexges to zexo more slowly than a Gaussiar~ Th~ diag~m sho,,~� -- 
filter ha~ an optic~l signal-to-noise ratio, SN’R >30dB. Howevex, this is only achieved for waveleng¢-~ - ~: " .... 
than -0.7nm away ICrom the central wavelength, owing to the convolution arising f~om th~ Gaus~i ~~ 
coupling efficiency into th~ fibre end. The 2!.7dB loss of the filter is accounted for in th~ following tal:~-           ~ 
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Input SM fibre 

L~ns I 
b~azed grating 

of line-pair width 6,661dn 

unary 
__ 128x128 FLC SLM, 

FLC SLM PC Controller 

l=igum 1: Schematic diagram of polarisation-insensitive ho]ogral~C wavelength filter 

Tunable Holographic Wavelength Filter 

The ctu,r~ filter has a riming range of 1Z4nm in steps averaging 0.22ran, with a 3dB passband.of 0.34nm, and. 
is polarisafion-insensitive. Figure 9_ shows the spectral profile of the filter transmission using a hologram .(a). 
Without apodisation, it is close to Gaussian in shape.I-Iowever, beyond 0.66nm either side of th~ centre 

10 
Hologram (a) 

1542.0 1"543.0 

Wavelength (nm) 0.2nm/div                   -. 

l=igtxm 2: Logarithmic plot of filter passband with FWB_M=0.34nm 

wavelength, the filter extremities depart from Gaussian betmviour and has tl~ larger ’tai].~’; as illustrated in the. 
figttm, of a Beasel function, which converges to zero more slowly than a Gaussian. Th~ diagram shov~ that .the 
filter has an optical signal-to-noise ratio, SN’R >30dB. However, this is only achieved for wavelengths greater 
than -0.Tnm away from the central wavelength, owing to the convolution arising from tim Gaussian/Bessel 
.coupling ef:ficieney into th~ fibre end. The 21.TdB loss of the filter is accounted for in tl~ following table: 
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SLM Losses 
FLC ~ ar~ 
~on emcimmy (~1=36.5%) 

6.57 
4.38 

0.79 

1.90 
1.43 

1.77 
1.14 
3.72 

TOTAL 21.7 

optimi~on of th~ FLC and optical compomas, use of a 1.55pm t~ grating an~ care~ ctmign should 
allow a total ~ loss Of oRly -7riB. 

Since the I=LC is no~ fidly bistable it is necessat3, to periodically update all L~.p’~Xe.ls, with the frmne being 
.downlmded row by row. A practical device, however, would m~t-,,_ use of either a b’~’table TLC or an alternative 
addressing scJam~ removing tbe need for the h-l>da_t~ process other than when chan~n_~ between differem 
holograms..Tim effect of the periodic updating is to cause a small nu~h~ ,T~rion daring normal rran, rrnlssion of 
approximately 0.035dB. This is m,~.at~ in Hgum 3. ~ -ldB loss of the signal that occurs during the 
periodic frame update is undesirable, burrow pixel addressing sclaunes currently under dcve.lopment for sRicon 
b~ ~=LC SI.,Ms ~ dlmlrlat~ th~ ~ for this proczss, even with an FLC material that is. not fury 
bistable. A fully bistable FLC used within the SLM would avoid all tean~ral modulation of tt~ light and also 
allnw fail-safe operation of the device. In the event of a power failure, the SLM Would Still continue to diffract 

Passband Apodisation 

Figure 3: Temporal modulation of fRte.red Light 

TI~ Gaussian spectral-profile may be tagored to achieve a more apodised, passband-flattea~i response, by 
modifying tl~ hologram. This is shown in figure 4, which shows the normallsed transmission charactrristic for a 

different hoIogram (b). The --3 dB width is now 0.59rim. increasing to 1.35nm at --20 dB. i.e. a more 
rrctangular response. This ~ at tl~ expeazse of an additional 2.3dB loss, and a reduction in the noise 
suppression to 18 dB. 

1113 

6EST AVAILABLE COPY: 

TS0000535 



°20 

o 
z 

-30 
1541 

Holograms (a) & (b) 
~1 nb’roa~len~d lbas~ba~d 
Broadened Passband (b) 

(2.3dB excess loss) ¯ 

l/ wi=h 

1541 1542 1543 1544 1545 

Wavelength (nm) 0.Snm/div 

Figure 4: Holographic F’tlt~r Passband Atxxlisation 

EDFA Gain Equalisation 

Multiple wav~ RItering is on~ Of the distinguishing features of holographic wavelength filtering and is 
important for WDM de~zmlfiplexing and EDFA gain equalisatioiL Fig~tre 5 SHOWS rJ~ transmi~%-ion of four 
passbands separ-~t~_, by about 0.Snm. The 3dB wic~.h of each passband is still about 0.34rim, and nois~ 
supression is generally substantially great~ than 8dB, with inter-chrome] ASE suppr~sion reaching .20dB. 
Pzssband uniform~ is within 2dB. There is an associated higher loss due to the av~zble light b~ing, divickd 
into 4 passbands, and th~ reduced diffraction �~ici~y of binary-phase halograms when tl~y function to fan- 
out ligl~L T~ ave.rage optical &NR or channel isolation for a binary hologram is proponionzl to th~ number of 
hologram pixels N, and inverseJy proportional to the number of filt~rext ch~nne.Ls C, such that: 

N 
YNR _>                                   (]) 

2C 

Thus tl~ SNR pe.~o~ of a hologram r~’uces as it is required to conrad more channels, ’ but knproves with 
mor~ pixe]s. Likewise., binary-phase hologr~m-~ show an additional transmission loss of -lOlog~o(C), when 
filtedng C channels [9], henc~ the 7.3dB excess loss when fil~fing 4 channels. 

0 

-10 

-20 

Hologram (c) 
4 "Pas~bar~ds. ~ep~rat;d b)~ ~0:Snm" 

(excess loss - 7.3dB) 

1 234 

1538 1540 1542 1544 1546 
Wavelength (nm) 1 nm/div 

Figure 5~ Filtering of,4 Vv"DM charme]s spaced by 0.8rim 
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Tunable Fibre 

Tunable fibre lase~ may pot~ntially serve an ~ fumtion in WDM ~_~_~municaUons networks, ac~ing 
as stabl~~ and pure laser sourc~ Tlmy have a very na,~uw linewidth, high. autpu~ powers and large gtlvin_u 

ranges. We have already l~h.~,~d the results of a tunable erbium-doped fibre lair [IO]. tuned using a 

fibre ring-resonator. A 3rib coupler was used to access the omput power. Tnning OV¢~ 38.5nm, in the range 
1528.6-1567.1nm with st¢~ of 1.3nm was achieved, with output powers of up to -13dBm. Tt~ inhexem EDFL 
3dB lasing ~dth was found to be of tl~ order of 3kHz, and the long term wavdength stability was about 

lase at 1562,5nm and 1556.0nm. as shown in Figure 6. Due to the ~i~ medium being relatively homogeneous 

considerably. The power in each nmde is also considerably l~wer titan usuaI, s~ce only half lhe EDFA power 
is av-ailahle tO each mode, the l~logram has 1_~__~ than half th~ usual diffraction e~iciency for each of the two 
wavelengths, and a 10/90 cout~r is used ~or the laser omput. 

Figure 6: MnltipI~ l~ng wavelengths 

The curmr~y unused extra dimension of the SLM can also Ix= used to ~ functiomtity, such as in a space- 
w~vdmgth sw~tch. This could serve as an add-drop mul~J_e~.r (ADM) in dymmic wave-routed optical. 
r~tworks. Figure 7 shows an ’exploded’ conce~ for a po]misation-h-~z~itiv¢, optically transparcr~ compact, 
low-loss space-wav~ switch, using a ~ve FLC SLM. The switch acts as a 3x3 £d>re cross-cormect, 
which can aJso perfectly shuffle wavdmgths betwem the various fibr=. The i~egrated design lncorporazs a 
graded-index (GR]~ 1ms immad of a bulk rcfi-~ive hm_s, but the limited numerical ape.zmm of a GR]:N lens 
will [e~ld ID limit the IIIlmbcr of fibres possible to imcrconnect. Figure 8 shows how the packaged, integrated 

Input fibre army 

Lanl 

Inpu! fibres 
and wavelengths"" 

Switched oatpul 

Angle p0r~hed end 
Integrated SUM unit 

Figure 7: "Exploded~ 3:<3 span-way .eJength switch l=igur¢ 8: P~ integrated sp .ace-A.switch 
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Conclusions 

In ~ paper, We have presm~ bo]c~r~p~ic ill.ring as a poumtial techoolo~ for dyrmmic WDM chamml 
mauagcmmt. Holographic wav~ tuning may also find application in WDM. ~_~]~communications sysV’ms. 
wl’m~ tunabl~ sources, filt=rs and r~.~iwrs am r~iuired. Tl-m advant~s of holographic tuning are: 

¯ optical wa~arency 
¯ palarisation insensitivity 
¯ digital, fast (-lOgs), low power operafi on 
¯ fail-safe operation a~A robusmess 
¯ fine resolution over a large wavelen~h range 
¯ multiple wavelength opinion 
¯ low crossta]k 

Dynmnic Tin equalisation, an important issue in WDM mtworks, has been addressed using holographic tuning, 
The holographically nmable, multiwaveaength erbium-doped fibre laser may also fuxl use as a source in a 
WDM network. The techrdque can be used within a holographic space-wavelength switch, allowing arbitrary 
switching arzi sbuffllng of ti~ wave.lengths between the fibres. 
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Abstract~Ferroelec#rtc liquid crystal over silicon ~m~trt pix- 

els offers potential advantages over conventional dectronic and 
waveguide approaches to toleeommunieations switching. The roie 

of such smart-pix,el architectures in space/wavelength optical 
interconnect and in high-performance ATM s~itclies based on 
interconnection of opticaBy nccessixl memory is discussed. 

S MART pixels are the subject, of c0nsidemble: interest for 

telecbmmunicalions switching.1 The purpose of this paper 

is to review applicatio.ns .of smart.pixels based on ferroel .ectrlc 
fiquid crystal (FLC) over silicon technology. [2]. The large 
electrooi)tic effects in liquid crystals and .the ip. tegratability 

~f large numbers of modttlators [e.g., 320 × 240~.] with 
the functionality, of silicon VLSI gives rise to.. a. number of 
useful switching applicafioils. The devices discusseci employ" 

fre~-space optics. We reyi.’ew fibe~r-to-fiberspace’[6] and wave- 

length [7] switches that use FLC a~ .phase modulators. We 

discuss fiber-to-fiber switches3 ~nd ATM switch stxu~tures [9] 

wi.th optically accessed silicon memories (o~to- .RA_M) [10] 
that both .use FLC shutters in .a matrix-matrix [11], [I2] 
configuration. 

The .ever-increasing. bit rote and the econdmic pressures on 
network operators to reduce the number o~ nodes in national 

networks leads to increasing node complexity and a potential 
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electronic demulfipleMng bottleneck. At the same. time, the 

in.wod.uctlon of.the EDFA [13], [14] to both submarine [15] and 
telrestrial routes4 increases the potential for WDM tecliniques 

and wavelength routing in such networks.. A schematic view 

oi~ a future optocle~.tronic node i~ shown in Fig. 1. W..~th the 
possibility of aggregated switch ~ode throughputs of 1 "Fops 

being req.’.uixe~d beyond the turn of the century, it v)ould seem 
desirable, if not inevitable, that much of the transit node traffic 
wili at least be only pa~i.’" .ally demultiplexed~ if at all. 

There is a growi~, g ~heed for tibet .n~.trix swiWhes both 

in association with elech-onic swithhes (such as rcpl.acements 
to curi~nt d’igiial or. 0~c6m~ec~s) and. ultimately, as spa.ce- 

whvelength r?uiing ~witches. This is r.~. presented by the. .upper 
pa~t. of Fig. 1. opficfil tmnfiphrency is ~ssential for bit-rat~ 

independence, and the ~wiiching.sPeed~ necessary for neNvo~ 
restoration and rnanagameht, route protection, and mainte- 
nai~ce are approachable b~ FLC over silicon technology.. Such 

devices might become an important part Of Wave.length-routed 
ne~w0rk~. Th~ photonic~ ~roup .at Cambridge Universiby is 

a.~fivgly, involved in research into such switches for both 
national and local area networks as part of tile UK "EPSRC 
POETS"(parall.el opioe.lectr0nie telecb-~-unications s~,sten~ 
ahd OST (optical switching testbed) .project..~ 

The cor~ switch t’eclinology ~presented by.the 16wee p.a~t 

of Fig. I is.seen as ~ssbnfially a -~ilicon elvctroni¢ ssstem; but 
optical interconnecfio~is Will clearly be needed, to achieve t~e 

h.ec~ss .ary aggregate ~aphcity. Swiich capacities mdasured in 
Tb/ps are currently, .Being postulated. Ftiture dei~loyment of 
public broadband ATM~based .~ervic~s [16] is likely to place 

sever~ demands on all-electroni~ :ipproach.es to switch design. 
While’there hage ~mdoub~edly.been imp .r~_ssive efforts in the 

densityof gates acliievable oxt fiili~on, this has .h¢~e~ been 

matched by. the performan,.ce of the m~ta~.-b~ed interconnect 

between c~ps, eithe.r for multi.chip modul?s 0r~backpl~n~. 
Since an ATM switching fabric requires a c.ohsidei’ably higher 
degree of inter~onnec.tivity than that necessary, for circuit. 
~witchifig, electrohic intdrcom~..ectivity is idei~fified 

limitation of present approaches to broadband switch design. A 

4For example, MCI/P~lli link between Cl~cago, IL, and Salt i~ke City, 
UT.                                        " 

~Parallid Opt~electrbni~ Telecommunications SyStems (POETS). UK 

SRC GR/J4~773..The POETS project involves Cambridge Unigersity (coor- 

dinator), Kii~g~s C01]~ge, London, ahd University College London. - " 

6 Optical Switching.Testbed UK EPSRC GR/J4~728 (Cambridge University 

" Engineering Department and Computer Laboratories). 
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Fig~ 1. Schematic of a possible future optoelectronic node.. 

WDM 

free-space optically assisted approach toan ATM switch fabdc 

¯ may help by using its inherent ~patial bandwidth to increase the " 

connectivity and reduce ~e limiting effects of buses, low pin- 
out integrated cLrcuit.s, printed circuitboards, and multic!dp 
modules. Unless Overcome, such pin-ont Limitations can result 
in suboptimal system parfitionin~ and archite.ctu~es. Previous 
important attempts at harnessing free-space optics have be~n 
tcchnologically limited to a small switch node fu~ction.ality 

as well as low fan-out [17]. Such a limitation has the effect 
of increasing the number of stages of s~vitching necessary to 
produce a sm.’tab]y connected fabric. 

In contrast to the many attempts at alleviating intercon- 
nection bottlenecks by the selective x~placement of electrical 
connections with ~n-board opdcal equivalents [!8], we have 
adopted a fresh approach to the problem in a~" attempt to 
understand how a hybrid optoelectronic approach may fun- 
damentally affect the design of an ATM switch fabric from 

a theoretical performance as v~ell as an interc0nnecdori per- 
spective. Clearly, any successful approach must partition the 
optics and electronics ~n a befitt~g manner. Such partitioning 
has already been described within the context of multiple- 
quantum-well devices [i9]. FLC over silicon opto-RAM [10] 
allows the incorporation of a degree of" opti~al switching to 

assisf the electronic switching. Some of the available optical 
parallelism must be used tO. obtain a high enough chip-to- 
chip transfer rate due to the modest switching SlUed cur~.ndy 

available from this form of light modulator. Howev.er, chip-to- 
cldp transfer rates are ideally matched to the read/write tim~s 

of silicon VLSI swuctums, rather than ~ data rates of the 
incoming links. 

IT. l~C OVER S’ILICON SMART-PIXEL TECHNOLOGY 

The addition of a thin layer of fe~roelectric liquid crystal to 

standard CMOS silicon yields an optoelectronic technology 

that boasts the .versatility of VLSI with massively parallel 

AI Edge                   Glass Cover 

Glue Seal 

Fig. 

Silicon Die 

~)~ 

FLC On silicon technoiogy. , . 

schematic Construction of a smart-pixel device and a photo- 

graph of a recently desighed 320 x ~tO modulator chip are 

shown in Fig. 2. 

The modulator bandwidth is a functidn of the required 

electroopfic effect and the permissible driving voltage. A 

optical input/outpnt [21. Photodetectors ~can be implemented recent op.ti~al interconnect project~ optically.connected par~ll, el 
within. CMOS design rules and the. very large electr0optic, machine (~OCPM), demonstrated, intensity.’shutters with a re- 

effects of the liquid crystal enable the implem6ntation of configu~tion time of less than 20/zs at 45. ~.~ using addressing 

both intensity and ~--phase modulators (see Section .Ill), A Voltages of 10 V [8]. The fastest reeonfiguration time for 
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FLC Ught 
Modulator 

~g. 3. Opto-RAM c~ll (singI~ pixel). 

intensity modulation suitable for interconnect is extrapolated to 

I~ about 1 ps.at 80 °C [20]. To achieve efficient phase modu- 
lation, a larger Switching angle of up to a-/2 radians is required 
[21]. For fields of 10 V~m-1 or less, this limits the switching 

times for currently availablematerials to the order, of 400 ps 

at 45 °C but times below-40/~s have been obtained" at 80 °C 
[22]. S@itehing down to 200 ns has been observed for much 

smalles switching angles (_~2°) in electroclinic liqtfid crystals 
[23]. While the implied lack of contrast/loss Would probably 
make elcctroclinic LC’S unsuitable for optical interconnect, 

¯ they do have promise for signaling modulators in architectures 
such as the opto-RAM. The drives circuitry can be as simple 
as a single transistor (DRAM), so that given a small-geometry 
CMOS process, the limiting smax¢ pixel packing density will 

be the optical input/output (photodiode/modulator) geometry, 
even for relatively complex pixel logic. The layout for an 
expgrimental optical read opto-RAM memory pixel.is shown 
in Fig. 3. 

The pixel shown in Fig. 3 is on a 70-]~m pitch with a 

modulator size of approximately 30/~m. The large dimensions 
are due to the 2.0-~m CMOS used and to allow a large 

read beam to simplify alignment in our experimental system.- 

As liquid mTstal technology mature~ and switching voltages 
decrease, it will be possible to reduce the process geometzy. 

Also, as the optical b~am used to illuminate the modulator 

becomes closer to being diffraction limited, then the modulator 
will be of order 5 pro. Previous work has focused two beams 

into a 6-/~m× 20-/~m area [24], although with ferr0electfic. 
liquid crystals only one beam is .required. This is because 

the transmission-of a reference beam is not required due 

to a high contrast ratio alleviating any problems associated 

with variations in receiver threshold over the area of a die. 

Therefore, .feasible pixel pitches will be of order 15 pm with 

the die size approaching 20 ram. (Crosst~l~ considerations 

suggest a limiting pixel pitch of about 8 pm [11]). This will 
allow for at least 10s pixels per single chip. 

m. LIQUID-CRYSTAL MODULATION SCHE~_S 

¯ Ferroelectdc liquid crystal modulators can be configured 
as either phase or intensity modulators and drive gchemes 

Amnlltude Mode 

Polafiser FLC-SLM Axra]yse~ 
~Ith ±V applied 

Transmitted Power 

T =O 

FLC~SLM A~alyser 
¯ with ±V appli~l 

Fig. 4. Modulation schem~s for FLC smart pix¢ls. " 

T.t = sin2 0 
T_j = - sin2 0 

can be chosen for continuous or synchronized read-out [25]. 
The choice of modulation and drive scheme have important 
consequences f~r smart-pixel system design. The thin layer of 

(surfac¢ stabilized) f~rro~l~ctric liquid crystal can bo optically 
modeled as a rotatable waveplate with fast and slow axes in 

the plane of the modulator, Le., perpendicular to th~ direction 

of Hght propagation. The alignment layers are usually chosen 
so that the crystal will lie in one of two.bistable states such that 
there is an angle of 20 between the fast axes of the two states 
where 0 is known as the tilt angle of th~ crystal. Application 
of an electric field is required to switch from one stat~ to 
the other and the field must be reversed to switch back. The 
ferroelectricity (spontaneous polarization) of the LC implies 
that charge needs to be transferred to and from the crystal-~too 
little charge will result in incomplete switching. To ensure 

long lifdtirno of the crystal, charge, balancing should also be 
maintained. Interconnect applications demand a drive scheme 

which permits continuous viewing. The preferred scheme-for 
the smart-pixe.l architectures uses an alternating front electrode 
(ITO on glass) voltage. Thus, depending on the phase of the 
silicon pad voltage, an FLC field is produced which, in one 
half cycle, switches pixels needing, to change from state 1 to 

state 2 and, in the next half, cycle, those changing from state 
2 to state I, otherwise leaving a net zero voltage across the 
crystal so that pixels not neexiing to change are left nnal~¢rvd. 

The schemes for intensity and phase modulation are de- 

picted in Fig. 4. A fuller description may be obtained from 

3ones’ ~natrix analysis [26], but a more qualitative description 
is adopted here. 

~ Perhaps¯ the-key difference between intensity and phase 
modulation, which has only been fully elucidated relatively 

recently [27] is that, to obtain high contrast, intensity mod- 

ulation is.polarization sensitive, requiring crossed polarizers 

at the input and output, and therefore, polarization control 

of the source. However, when phase modulators are used 

to form a (binary).phase grating or hologram, the relative 
modulation between pixels in alternate states is always 

radians irrespective of the input polarization. Thus, in the 

output plane, there will be a central. (zero~order spot) whose 
intcasity will vary as sin2 (20) 

" I(~eso order) ---/’o - sin 
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where .To is the incident intensity and 8 is the optical path 
difference between the fast and slow axes expressed in mdiaus) 
and the intensitY of the diffracted spots will be indel~.ndent 

of the input polarization. It is thi~ unique feature which 
enables the design and implementation of optically transpar- 

ent beam-steering switches for telecommunications systems. 
Furthermore, the attainment of binary pha~e is wavelength 

independent, being essentially a symmetry property. Thus, the 

phase holograms can be expected to be broadband, the only 
limitation being the unavoidable shifts in spot position from 
the wavelength dependence of diffraction. 

IV. SPACE-SWITCH ARCIIII-I~ 

A. Matrix-Matrix Intensity Switches 

The majority of implementations 6f optical- switches using 
FLC have been of the full crossbar architecture, since the 
use of .free-space optics permits high fan-out and fan-in. 
The OCPM demonstrator,, for example, uses an input array 
of 64 single-mode high-b’trefringence fibers and an output 
array of 64 multimode fibers. The interconnect is based- 
on the matrix-matrix principle [.11], [12] with h01ographie 
fan-out, and. fan-in. The malrix-matrix crossbar, makes more 
efficient use of the numerical aperture than, for example, the 
vect0r-matrix multiplier [28].. As it performs a full crossbar 
function it allows both broadcast and multicast. A schematic 
of the matrix-matrix crossbar is shown i.n Fig. 5. The critical 
performance parameters are the loss (and scaleability), isola- 
tion/erosstalk, and the ease of implementation of the routing 
algorithm.                                       . 

1) Loss: Fan-out lossesof 1IN are una!coidable .through 
the replication of the inputs to achieve the full .crossbar 
function. Holographic replication can be achieved with low 

exeess-loss,(,~l riB) [29] at the expense of making the switch 
relatively narrow-band (,-- 4-1 nm). For the matrix-matrix 
crossbar, the fan-in losses are reduced by the use of m~ltimodo 

fiber but would scale as 1IN if .single-mode output .were 

required. A single-mode fiber-to:multimode fiberloss .of 28 

dB was achieved in the first prototype 64 x 64 switch.against 

an intrinsic fan-out’loss of 18 dB. 
2) Isolation: ~’he isolation that can be achieved"is directly 

related to the intensity contrast of the individual FLC pixels. 
There is usually a. single pixel acting as each crosspoint. A 
single port isolation of 16.6 dB Wasmeasured in the. OCPM 

demonstrator, which was dominated by the poor.40:1 Contrast 
ratio Of the SLM. With better quality mirrors, it is reasonable 

to. expect a contrast of 25--30 dB .to be achievable with FLC 

over silicon devices. 
3) Controla~dArbitration: The use of a single-stage 

crossbar arc,hitecture, with intensity pixds acting as ..single 

crosspoints permits the trivial routing algorithm:., open., the 

requisite pixel to make the connection. Likewise,. arbi~atioa 

requires that,only one pixel in a block associated with each 

output is open at one time 

For applications where polarization control of the source 

fibers is permitted and where multimode fibers can .be. used, 
the Single-stage matrix=matrix crossbar remains attractive, for 

moderate swit.eh sizes. The OCPM 64 × 64 demonstrator was 

tested at 270 Mb/ps at 10~!2 BERnsing 3 mW in fiberilaser 

power at 800 nm. An .existing optical design suggests, a 33<IB 

poWer budget at 2.5 Gb/ps with a +3 dBm source and -33- 
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Fibre 
array 

Fig. 6. Schematic of one possible implcn~n~ation of a holographic crossbar. 

dBm receiver with an excess loss of 7..5 dB over the intrinsic 
fan-out losses. Subject to the acceptable contrast, thesefigures 
would support a 144 x 144crossbar at 10-z2 BER. 

B. Holographic Beam-Steering Switches 

Since the first proposal for FLC on silicon modulators to 
be used as (binary) phase holograms for optical intercon- 
nect [30], [31]~ there has been much debate over their best 
configuration for switching..The architectures and implemen- 
tation differ from the polarization-dependent, intensity-based 
matrix-matrix crossbar in a number of important respects. 
First, the use of groups of phase pixels "associated with each 
input permits beam-steering architectures.-Although a single- 
stage crossbar can be implemented, it is more power- and 
erosstalk-efficient to use a two-stage architecture such as 
the deflector-selector [32]. The fan-out of a single stage is 
detc~*~ined by .the space-bandwidth product (number of pixels) 

and th~ physical dimensions Of the Output fiber array. Clearly, 
if the fan-out does prove a limitation for very large switches, 
then banyan, Clos, or other architectures might be employed, 
with a concomitant increase in the complexity of control and 
arbitration. However, single-stage dynamic fan, out of 1:64 or 
1:128 appears technologically feasible--routing on arra3~ sizes 

¯ of this dimension has been demonstrated in the laboratory, but 
not yet tO Sing!e-mode fiber arrays. A schematic of one mode 
of int~rconnection for a 1 : N switch using a FLC silicon 
backplane is shown in Fig. 6. 

!) Loss: The loss of a single 1 : 2V or N : 1 stage is 
predominantly a function of the efficiency of the beam-steering 
FLC phase hologram. Binary phase holograms, because of the 
output plane Symmetry, incur a loss to a single spot of about" 

- 4 dB. This may not be .so severe if it is remembered that 
the symmetric Spot might be .usefully employed to provide 
redundancy.                                            ¯ 

Free-space single-mode to single-mode fiber losses of 2-3 
dB have been observed in simple laboratory switch rigs. 
The other potential, source of loss is the use ot nono.ptimal 
FLC switching angle and thickness: While this has hampered 
experimental demonstrations to date (typically incurring a 6 dB 

=ourier 
lens, 

FLC-owsilicon 
reflection hologram 

penalty), new FLC materials such as low molar mass siloxanes 
[22] have been shown in the laboratory to obviate this penalty: 

2) Isola, tion.’. Unlike the matrix-matrix crossbar, the isola- " 
tion of the holographic beam-steering switch is not so critically 
dependent on the liquid crystal alignment, since binary-phase 
operation is assured. Rather, it is dependent on the number of 
pixels associaw.d with the beam-steering hologram and residual 
scattering losses. A crude estimate for the single-port isolation 
is [33] is            " 

Isolation,-~ 10 logxo 2(~) dB (2) 

where rn is the number of pixels in the routing hologram and 
r/i.~ the hologram efficiency. Equation (2) assumes that power 

is distributed evenly over the output plane awayfrom the 

" desired spot. Various solutions can be theoretically determined 
which dramatically reduce the power at other fiber positio, ns 

than the desired output [34], [35]: However, experimentally 
determined iso.lati0_n~ to date has yielded figures more closely 

in agreement with (2) (typically 25-35 .riB). For example, the 
fiber switch reported in [27] has a fiber-to,fiber loss of 13 dB 
and an isolation of 35 dB for a 64 × 64 routing hologram. 

Of course, in the deflector-selector architecture, the. single- 
stage isolation will be squared (per input port), i.e., 50-70 dB. 

Such figures are compatible with the stringent, requirements 
on crosstalk for optically transparent [36] and particularly for 
wavelength-routed systems [35]. 

3) Control’and Arbitration: For a N × hr switch (or each 

1 : !V or N : 1 .switch), N different routing holograms 
will be required. These are’ of course determined daring the 
switch fabrication. Irregularities in the fiber array can be built 

into .the hologram design, and the precise holograms can be 
optimized in situ [37]. As an example, tlie 1:16 experimental 

fiber switch shown in Fig. 7 used a series of search holograms 

to determine, the core positions of the fibers in the array and 
hence the optimum hologram, set. It is envisaged that further 
monitoring and optimization should be possible during the 

lifetime of the switch. It should be.possible to extend the FLC 

Over sificon smart-pixel technology to incorporate the (digital) 
hologram patte.rns in on=chip memory (a 1:64 module would 
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require about500 kB): Like. the crossbar, the fully connected 
deflector-selector has a straightforward .routing algorithm. 

V. WAVELENGTH ROUTING 

- The diffracted spot. positions in the beam-steering switch 

are of course wavelength-dependent. The relatively large F’LC 
. pixel dimensions compared to the wavelength lead to Small 
diIT-raction apgles and the need to pack output fibers closely 

/together if larger dimension switches are to be achieved. 
The wavelength sensitivity depends on the tolerance of the 
output fiber launch efficiency to lateral displacements. To a 

first approximation, the ratio of this tolerance to the actual 
deflection (i.e., displacement of the fiber core from the zero- 

order optical axis) is equal to the ratio of the bandwidth 

to the wavelength. Thus, at a telscoms wavelength of 1.55 
/~m, a tolerance of q-5 /~m yields a bandwidth of 30 nm for 

a 500-pro displacement: The need for compact fiber arrays" 
is thus impo~mut for .large dimension switches if a broad 
bandwidth is to be maintained. On the other hand, the small 
wavelength dependence can be turned, to advantage to form 

a wavdength filter if a larger deflection angle is used. This 

can be achieved by concatenating a fixed phase grating of 
higher spatial frequency with the FLC device. The. resultant 

filter is tuned by changing the digitally generated FLC binary 
phase hologram---hence, a digitally tunable wavde~gth filter 

[7], [38]. Fig. 8 shows the layout of an experimental filter 
using a transmissive FLC SLM at a wavelength of 1.5 /~m. 
The. filter is tunable in steps of 1.3 nm over more than 80 

rnn at 1.5 pm with a FWHM bandwidth of 2 nm. The stop 
and bandwidth are both. functions of the physical layout and 

can be optimized for other applications. They were chosen 
here to reflect a view of the likely future channel spacing 
in commercial-WT)M systems. An overall fiber-to-fiber loss 

of 22 dB was due to the small switbhing angle of the FLC 
in the SLM and the large diffraction losses associated with 

-- 0 
1.5424wn 1.55.241u~ 

FID 8. Wavelength filter tuning characterisHc. 

1.56241~m 

2nm/dlv 

the experimental fixed (binary) phase grating. With the full 
switching ankle and a commercial low-loss phase grating, the 
filter should have losses of less than 10 dB. Although the 
cun~nt losses a~sociated with FLC phase holograms prohibit- 
a competitive filter, the tunability and repxuducibility of the 
wavelength filter makes it an attractive prospect for the future. 
It is also possible to design multiple Wavelength multiplexers 
and demultipleXerS based on the passive de.signs described in 
[39]. By combining active or passive W’DM splitters with 
holographic space switches, R is possible to create floxible- 
optical reuters with crosstalk performance which outstrips 
acoustooptic tunable filters (AOTI~ [40]. 
Th6 digitally tunable filter can be put inside a laser cavity to 

yield a precisely dontr011able WDM source [41]. Hg. 9 ShoWs 
the discrete tuning of such a laser in 1.3 nm steps across the 
erbium window at 1.55 pro. A long-term stability of 0.I nm 
(monitored over four hours) was limited by the mechanical 
instability of the laborato~ fig and would be considerably 
improved by a solid glass (e.g., GRIN)interconnect: The short- 
term linewidth (measm~ by a self-hetorodyn¢ technique f6r 
a ring laser configuration) is of the order.of I kHz. 

VI. OPTO-R~ TECIINOLOGY      ’ 

Many of the proposed optical information processing and. 
interconnecfion systems involve interaction and dxchang¢ Of 

data between spatial l~ght modulators, and silicon electronic 
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Fig. 9. Digitally tunable laser characteristic. Fig. I I." Us~ Of peripheral chips to support a sectodzed opto-RAM. 

Fig. I0. Block diagram of an optically accessed memory (optical-read). 

memory. A generic component in these, applications might 

be an "opto-RAM,’" i.e., an optically accessed electronic 
memory which: i) optically presents/receives parailelized data 

images to/from a high fan-out.free-space optical network and 
2) pedorms electronic rearrangement within memory sectors 

[10]. The internal circuitry of opt0-RAM is almost ide~itieal 
t~ a standard VLSI CMOS RAM, "with. the exception of 

the addition of opto-electronie transducers to modulate/detect 
¯ light when optically reading/writing the memory~ Fast m~mory 

¯ access times ~ ~1-i0 ns per word. The modulator/detector 

rate can be matched to the number of words on. the 0pto- 

¯ RAM multiplied by the access time, i.e., a switching rate of 
the brder of 10 pa, which is well suited to FLc teclm.ology. 

This could enable very fast block data transfer to be made 

between areas of memory and even spatial processing (such 

as block switching or optical transformatioia of data [42]) 
tobe carried out within the optical interconnect. A classic 

connection-intensive application of this type is in (core) 
telecommunications switching.. 

Fig. 10 sliows a block dihgram of a complete .o~tieal read 
opto~KAM, where no seetorization has been shown for clarity. 
The electronic circuitry, of the memory is identical tea 

VLSI CMOS electronic memory (with address and data buses 

Fig, 12. Free-space Optical interc~nnection of two planes of opto-RAM 

smart pixels. 

being the main inputs) however a modulator array has been 

added to allow for optical read. Each bit of storage has 
its own modulator. The equivalent optical write opto-RAM 
incorporates an integrated silicon photodetector [43], rather 

ta’mn a modulator, for each bit of storage. Such photodetectors 

have been su.ccessfully operated at 224 !Vlb/ps [43]. 
Fig. 11 shows the operational configuration of an optical 

read opto-RAM, showing 16 paralleliz~ data images optically 
presented to the fi;ee-space optical center stage. The opto-RAM 

has been pai~iti.’oned into four sectors due to addressing con- 
straints. Such constraints arise due to ~heaggregato data rate 

to/from a device exceeding, the rate at which a single memory 

may be addressed. Sectorization. therefore allows the opto- 
RAM to be fiealeable with future r~quirementa. Each sector 

has its own data and address buses which are independent 

of other sectors. Data coming in on a particular trunk link, 

which could be a high-speed fiber serial m~tiplex (e.g., ST1VI- 

1.6), may only be written into an area in the memory sector 
addressed by the associated, support chip. The support chip 

writes data into the opto-RAM at a Suitable locatioia as defined 

by the address of that location. Suitable locations are defined 

as locations which cart be optically switched, by- the free-splice ¯ 

optical switch, to free locations on the output links. This resttlts 
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Switchable F-~o/d fan-out/ 
sector fan-in 

Fig. 13. Model for int=rconn~cmd opto-RAM plane~ using F-fold¯ fan-out/fan-in and shuffle. 

in the support chips being responsible for part .of the Switch 
arbi~ation. Output liflks are also accessed by a simiJax opto- 
RAM structure. Each support chip must .therefore be. able to 
determine the output locations which have already b~en used. ’ 
The support "chip accesses the address b~s of the opto-RAM 
sector it is writing to in order to specify the correct spatial 
position and ttien writes the data to that location. Data/nay be 
in the form of a multiplicity of bits presented in paraS, el as an 
image to the optical switch, where in-the limitthis, parallelism 
could.be an entire ATM. cell (appmximamly 400 bit). 

VII. GEN~U~LIZ~ ATM SwrrcH Agc~-~crtW~ 

We have explored the tradeoffs which exist between the 
degree of interchip optical faxi-oufffan-in versus on-chip opto- 

RAM sector functionality for intemonnecting two plane~ of 
ol~to-RAM in a "manner suitable to meet ATIV[ switc_hing 
connect:wity requirements. A suitabl~, interconnect for ATM 

switching must meet certain criteria. " " 

1) It m~ist (in principle) be teelmologieally and practically 

realizabte. 

2) It must provide acceptable connectivity and hence cell- 
loss probability. 

3) A path-hunting mechatfism for routing ATM cells from 

input opto~RAM plane to output opto-RAM plane must 
be able to be carded ou~ Within the lime limits imposed 

by ATM (for STM-.1 input lines at 155 Mb/ps., this 

impoaes a minimum cell period time restriction of2.7 
/~s to find all the l~aths through the fabric if only one 

ee~l per channel is switched per distribution period, up 
tea maximum of 256 #s set bY the permissible latency 

per node). 

As an example, .Fig. 12 schematiealJy shows an. opt~RAM 
plan¢.p:axtif!oned into a number (16 shown here) of indepen- 

deiit, switchable sectors. 
The performance of a variety of intercoimection options 

may be assessed using the generalized.interconnection model 
shown in Fig. 13. Thi~ shows a number of modules, where 

e~aeh module consists of two opto-RAM plaries intere~tme~ted 

, by an optical fan-oat/fan-in/shuffle. It will be assumed that 

in general M modules will be required to give sufficient 

lo* 

F=4 

~ 10~              lowerboundfrom (3) 

Speedup f~ 

conneCtivity between the N inputs and/V outputs. It should 

be borne Jn mind that it is desirable to limit the number of 
stage~ as failure to do so can lead to practical dlffieulties with 

the opto-mechahics. The input opto-R.AM plane is assumed to 
¯ be se~torized such that each sector may reeeiv~ Na ATM cells 
axid el.eetronicaily write them to any. of ~r~ memory locations 

(i.e., each sector is effectively an N~ × rt~ crossbar switch). 

By ensuring rr~ ~ N~ (i.e., the first stage acts as an expansion 

stage), the designer may dilate the network and hence build 

’in suflieient paths such that.any, internall blocking .may be 

reduced to aeeeptab!e levels..Clearly, a contra..ction, stage, will 
be required at the output stage of the network. 

Topologically speaking, each opto-RAM plane is connected 

to a center-stage switching plane composed of a number of F× 

~ crossbar switching elements. It is proposed that the F × ~ 

switching operation and the shuffle required to connect these 

switohes to the opto-RAM planes on either sid~ is realized 

optically by a space:invariant F-fold fan-out/fan-in operation 
using a c0mputer-generated hologram followed by a-shuffle. 

A space-invariantoperation involves an operation where the 
same operation is carried out on all beams (in Contrast, a space- 
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Pig; 15. Thr~-stage ATM switching fabric (]6 x 16 shown for 

variant operation allows,,a completely axbitrary interconnection 
pattern to ..be.carried oat on the various beams). Space-invaria~nt 
o .t.~.rations are well matched to the capabilities of optical 
components such as lenses, mirrors, and holograms, and are 
relatively easy to implement (space-varia~. t operations require 
much more complex optical implementations that often-result 
in low interconnection density and high co.st). The effect of 
employi.ng differing degrees of fan-out/fan-in F for given 
values of Ng and ~r~ (since in gendral each of these parameters 
will be subj.ect to a technological constraint) will be explored. 
Cell-]oss probability between the two planes for uniform ATM 
traffi..c may b~ used as the means of comparing differing 
optiops. 

A. Queuing Strategy 

Of considerable interest is the ability to queue cells on 
the output, since this is known to provide .the best possible 
throughput and delay performan.ce for ATM traffic [4~. ]. Such 

an approach requir.es sufficient dilation (i.e., expansion) of 
the fabric to allow many cells to address a particular output 
without blocking. It is possible to pxoyide .this dilation by 

adding extra memory locations to the input-stage opto-RAM. 
Such dil.ati0n does not affect the fan-ouVfan-in required, but 

merely the size of the image to be fanned "m/out. 
Output queuing is assisted by the sectorizatio.n of the opto- 

RAM. From the model of Fig. 13, w¢can see ATM cells only 

have to route themselves toward a particul. ar output sector 
rather than a particular port associated with that sector. Any 
subsequent contention for ports whv.n cells ha,~e successfu.lly 

arrived at the memory sector is taken care of by queuing cells 
in memory associated with the. output sector. As the sector 

siz~ becomes" large, the. law of large numbers helps to reduce 

the statistical variation in the number .of cells ~ddressing a 

parti.cnlar sector. This has the beneficial effect of reducing the 
degrez’of dilation required within the network. The theoretical 

lower bound for the cell-loss p.robab~ty when ~r~ links feed 

input 

centre stage of m 
FxF free-~ce swit~es paragei free-space 

opt~al li~ks 

l~.~g. 16. Clos rep~s, entadon of Fig. [5. 

an output sector of sizo Ns 0.e.; the rr~ x N~ contractio.n "stage 
in Fig. 13) may be.calculated by assuming that all ~r~ .of these 
links may be reached by Fells when requir.cd (.dearly, thi.’s i.s not 
th~ case in gen¢r.~ due to internal network blocking). Hen.ce, 
the lower-b0und c~ll.-loss probability is the ratio of’ the mean 
number of cells w.hich are lost per sector per arbitration due to 
a number Of ar~i~eals exceeding rr~, .divi.ded by the mean number 
of cells which are addressed to that sector [45], shown as 

where p is the mean occupancy of the incoming links to the 
switch. This is a lower bound since it ma.y well be that, despite 
the~ being ~r~ memory locations, feeding a particular opto- 
RAM sector, internal blocking may occur in attempting to fill 
these free locations. Such internal blocking (not to be confused 
with output po~. contention) may be reduced bY -implernen ".tgng 

a higher fan-oufffan-in value ’F, or indeed by fu~. er increasing 
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~r~. Alternatively, an extra stage may .be added to increase the 
number of available, paths. 

Fig. 14 plots the resnlts of comput.er simulations to de- 
termine the Cell-loss probability for various dilations for. a 
64 x 64 switch where N9 = 4, F = 1, 4, 8,’16, M = 1, and 

.p = 1. When F = 1, no center-stage switching, is actually 
occurring, only a shuffle existing between the two opto- 
.RAM planes. The continuous curve represcn.ts the theoretical 
lower, bound as given by (3).-.The effect of increasing fan- 
out is to reduce internal blogking within .the switch for 
a given dilation. The interesting point to note is that the 
cell-loss probability almost reaches its lowest-bound value 
when F = 16. This corresponds to a Clos topology. The 
small difference is attributable to the use of the suboptimal 
arbitration algorithm employed ~vhich picks possible free paths 
at random. In.creasing the fan-out further to F = 64 (and 
thereby no longer making use of the switching within 0pto- 
RAM sectors) will have the effect of removing the sm .al! 
arbitration loss term entirely, though clearly at the expense 
of a more demanding opti.cal system. F ---- 4 corresponds to a 
banyan network, widely known to be blocking. 

B. Three-Stage ATM Switching Fa~. ric                   .. 

A pmticular ease that we have proposed as an attracti~’e 

approach to the construction of a large ATM switching fabri.e 

is a .thr.ee-st~ge switching coati .gurafion [9], shown-in Fig. 15. 
The first stage of s.witchingis achieved using an ol~tic .al-read 
optically a.eeessible memory. Its input comprises a high-speed 

s’~,nehr0nous muliip.lex of a number of ATM links, while its 
output comprises a spatial multiplex of ATM data, suitably 

paralleh.’ze0. ~ to data images .to match .the modulation speects 
of ferroelectric liquid-crystal tecb.itology and the ava~lab.le 
parallelism of the optical sy..stem. This spatial multiplex may 

-now be optically presented, to a flee-space crossbar, where 

.the central sw~.’te.hing function of the data images is carried 
out. The outputs of the ~re~. -space crossbar are subsequently 

written to an opto-RAM eoniigured for optical write, where 
the third stage of switching of the .three-stage operation is 
carded out. For a crossbar of dimensionality F x F, where each 

~aput .comprises a.spatial mtdtiplex of N9 paralle/d..z~d ATNI 

links, the overall switching .dimensionality of the three-stage 
network shown in the figure is’clearly (.F × flu) × (-~ × Ha)" 

It isproposed that the cen~.al optical switching function be 

carded out using a fr.ce-spage optical crossbar [46]. The .fan- 

out required is equal to the number of high-spe~d synchronous 
multiplexes feeding the croSs.bar, namely F. Fig..16 shows the 

same switch redrawn to show the fuaetio.n~ equivalence to a 
three-stage Clos network. 

C. ScaleabiIi~y of Three.-St.age Switching Fabric 

The feasible data rate that could be transferred off such 

a smart-pixel defice (for lOs pixels and 1-/~s switching) 
approaches 1 This. For an N = 1024 port switch, and 
assuming appr0ximatelyequal partitioning between electr0nle 

and optical swi.tching, there are approximately 30 000 switched 
eharmels in the interconnect plane./n the case of a LC switch- 
ing time of 1.00 ns, it would be applopdate to switch cells of 

approximately 50 bit wide. This would require approximately 
106 resolvable point~ in the interconnect plane. Such a system 
places a demanding requirement upon the optical system, but 
one which we believe to be praclical for a high-capacity 
switch. 

VIII. CONCLUSION 

FLC over silicon smart-pixel devices have¯ considerable 

promise both for reeonfigurable optical, interconnect and as 
optically accessible memory within electronic switch archi- 

tectures. Space and wavelength switches with the required 

isolation for wavelength routed systems have been designed 

and implemented. A novel approach to ATM switch design 

based on FLC smart pixels configured as optically accessed 

memory and a low-blocking three-stage architecture incorpo- 
rating both electronic- and optical-switches stages has been 

presented. 
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FIELD OF THE INVENTION 

The invention relates to the general field of 

switching and more particularly to optical switching¯ 

using multi~3hase or continuous phase hologram devices. 

BACKGROUND OF THE INVENTION 

Optical fibre switching components~ are fundamentalto.. 

modern global information systems. Single-stage :matrix. 

switches operating independently of the optical bit-rate 

and modulation    formats,    Capable    of    reconfigurably 

interconnecting N optical inputs to M optical ¯outputs 

(where N and" M are generally, but not necessarily the. 

same number), are particularly attractive. Many switches 

for achieving the required switching are limited in- 

functional size to less than 64x64, and/or suffer from¯ 

relatively poor noise performance. One method which 

provides good noise performance and is potentially more 
scalable than other optical switch technologies¯ is to use~’ 

reconfigurable holograms as elements for deflecting 

optical beams between arrays of optical inputs and ~. 

optical outputs.                                           . 

A known holographic optical switch, otherwise known as an.. 

¯ optical shuffle, is shown in figure i. ~. / 

In. figure i, an array of optical sources 1 and an’ array 

of optical receivers 7 are arranged as the inputs and - 
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outputs of a holographic switch.~For many applications, 

the sources and receivers may comprise ~leaved or end- 

polished fibres. In other applications, the inputs may be 

light emitting sources such as lasers or LEDs, and the 

outputs¯ may be photo-detectors. Ea~i%~nput~ ! ~may transmit 
a different digital or analog opti~aii.sigdal through the 

switch to one (or possibly several) of the¯ outputs ~7. 

Thus- up.. to N different inputs may be simultaneously 

passing through the switch at any instant. Each input ¯may 

consist ~of a single-wavelength modulated by¯ data; a 

number.of different data sources_ operating at different 

wavelengths (e.g. awavelength-multiplexed system); or a 

Continuum of wavelengths. Although the switch is shown in 

cross-section in.figure .I, the input &.output arrays ~1,7 

are typically 2-dimensional" arrays, and the holographic 

switch occupies a 3-dimensional volume. 

To achieve switching, the input array 1 is arranged 

behind a first lens array 2. Each optical signal emitted. 

by the input array enters free-space, where it is 
collimated by one of the lenses in first lens array 2. 

Each collimated beam then passes through a first hologram 

display device 3. The ~first hologram display device 3 
displays a holographic pattern of phase and/or intensity 

and/or birefringence which has been designed to produce a 

specific deflection of the optical propagation directions 

of the beams incident upon the device. The hologram. 

pattern may also be designed such that each optical beam 

experiences a different angle of deflection. The first 

hologram display device 3 may also have the effect of 

splitting an individual beam into several different 

angles or diffraction orders. One application for 

utilising this power splitting effect is to route an 

input port to more than one output port. 
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.The .deflected optical signals prbpagate in.. free-space 

across an interconnectlregion 4 until they reach a second 

hologram device 5. The hologram pattern .at ’second. 

hologram device 5 is designed in such a way,to reverse 

the deflections introduced at the first hologram display 

device 3 so that the emerging signal beams are parallel 

withthe system optic axis again.                              -. 

The optica! signals then pass through a second¯ lens array 

6 where each~ lens focuses its associated optical :signal 

into the output ports of a r.eceiver array 7. Thus the 

hologram pattern displayed on first hologram~ display 

device 3 and the associated~ "inverse’’ hologram pattern 

displayed on second hologram display device 5 det.ermine 

which output fibre or.fibres 7 receive optical data from 

which input.fibre or fibres I. The interconnect region 4 

allows the signal beams to spatially reorderin a.manner 

determined by the specific hologram.patterns displayed on. 

the first 3 and second 5 hologram display devices.. The 

switch also operates reversibly such that outputs 7 may 

transmit optical signals back to the inputs 1 ..... 

The system shown in figure 1 (and functionally equivalent 

configurations utilising planes of symmetry within the 

switch optics) is well known as a method for static 
optical shuffle, using fixed-hologram recordings :as. first 

3 and second 5 hologram display devices Whereby the input 

signals are "hard-wired" to specific-outputs. 

It has been proposed to extend the optical shuffle of 
Figure 1 to provide a reconfigurable switch bydisplaying 

hologram patterns on a- spatial light modulator .(SLM). 

There are however a number of practical design problems 

associated with the migration from a static optical 
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shuffle to a reconfigurable switch. Among these are the 

following: ~ 

1) Known SLMs, using a ferroelectric liquid crystal, provide 

binary phase, modulation and such phase modulation can be 

2) p01arisation-insensitive.      However,       the      maximum 

theoretical diffraction efficiency for a binary phase 

device is only 40.5%. For example, the architecture 

shown in figure 1 uses two SLM devices, and hence the 

maximum net diffraction efficiency of this system is 16.4 

%. The diffraction efficiency of holographic system would 

be improved significantly by using multiple phase’ 

modulati0n. For-many applications this multiple phase 

modulation must be" polarisation-insensitive.    It is 

desirable that the phase may be varied continuously 

between 0 and (at least) 2~. 

3) In order to implement a holographic switch, using -two 

SLMs, an appropriate set of hologram patterns must be 

chosen. This hologram set must be capable of. routing any 

input channel to any input channel whilst keeping the 

.¢.;r~sstalk figures within specified values. In particular, 

the hologram set must be optimised to prevent beams 

associated with unwanted diffraction, orders from being 

launched down the wrong channel. Increasing the number of 

phase levels tends to result in a decrease in the 

strength of the unwanted diffraction orders. 

4 ) A convenient method of constructing reconfigurable 

holograms for use within an NxN . switch would be to 

integrate a layer of liquid crystal material above a 

silicon circuit. This type of SLM typically operates in 

refl~ection rather than " transmission, and the switch 

layout shown in ~ figure 1 is therefore no. longer 

appropriate. ¯ ¯ 
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Accordingly the present invention aims to.address .at 

least some ofthese issues~ 

SUMMARY OF THE INVENTION 

According to a first aspect of the invention there is. 

provided, a Switch comprising an integrated, spati~l light 

modulator for- ~eceiving light of a predetermined 

wavelength, the modulator comprising, a liquid crystal 

layer spaced from a second layer by a layer¯ ha~ing an 

optical retardance of an odd integer number of quarter- ¯ 

waves of Said wavelength,, wherein the second¯ layer is:. 

reflective of said light of said wavelength.                 . 

In one embodiment: said liquid crystal layer is a nematic.. 

c~ystal layer.                           ¯ 

¯ In. another said liquid crystal layer is a x-cell. 

Preferablythe second layeris a metallic layer~ 

Advantageously th~ metal~ic layer is of Aluminium. 

Conveniently said wavelength is 1.57 ~m 

According to a second aspect of the"invention, there is 

provided a switch comprising an inteffrated spatial light.~ 
modulator for receiving light of a predetermined 

wavelength, the modulator comprising a liquid crystal 

cell having a pair of opposed andmutually Substantially. 

parallel end plates disposed substantially parallelto an 

axial plane, and spaced apart by a liquid crystal layer 

providing a ~direct0r angle tiit in a tilt plane 

substantially orthog0nal to said axial plane, said,liquid 

crystal being spabed from a ~second layer by an optical " 

layer having a retardance of an ¯odd integer.number of 
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quarter-waves of said Wavelength, wherein the second 

layer 1s refle~t~ige of-said light of said wavelength, and 

the optical layer being disposed~ with respect to said 

tilt. plane such that light polarized, in said tilt plane 

returns through~ said liquid crystal layer polarised 

substantially orthogonal to said tilt plane." 

Preferably said liquid crystal layer is a nematic crystal 

layer. 

Alternatively said liquid crystal layer is a ~-cell. 

Preferably the second layer.is a metallic layer. 

Conveniently the metallic layer is of Aluminium. 

Advantageously the modulator has a glass cover ~disposed 
over.said liquid crystai .layer, and the metallic layer 

has -a connection to driving circuitry for switching the 

modulator. 

According to another aspect of the invention there is 

provided a method of switching a light beam having a 

first component polarised ; an a- first .direction and a 

second component polarised in a second direction 

orthogonal to the first, the-method comprising providing 

a device having a liquid crystal layer and an optical 

¯ retardance, the liquid crystal being responsive to a 

variable drive voltage- to provide a corresponding 

variation in director angle.tilt; and further comprising: 

applying a variable drive voltage to said liquid crystal 

device; applying said beam to~said liquid crystal device 

to~ provide an intermediate beam having a variable phase 

delay applied to said first component and an at least 

substantially fixed phase delay to said second component; 
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by said retardance, ,rotating the-pol~risation of said 

intermediate .beam/ applying the resultant light to said 

liquid crystal device whereby a component of said 

resultant light .polarised in . said first - direction 

receives said variable phase delay and a component of 

said resultantlight.~polarised"in said second,direction 

receives said at least substantiaily fixed phase delay. - 

. Preferably the rotating step comprises ¯rotating said 

polarisation through 90 degrees whereby at ".least 

substantially equal amounts of variable phase.:.delay are. 

applied to each of said first and second c~mponents... 

Advantageously the rotating step comprises a step of 

reflecting said intermediate beam back along its incoming 

pathS                                 . 

Acc0~ding to .yet another aspect¯ of the invention there is 

provided an optical switch comprising .a piurality " of 

input optical fibres for providing plural input light. 

beams, a plurality of optical receivers for receiving 

output light - beams, a first and a second reflective 

spatial light modulator, and drive circuitry for forming 

a respective plurality of switching holograms on each 
spatial light modulator, said holograms being selected to 

~ouple each said input optical¯ source to .a respective 

desired optical receiver, wherein¯ each¯ spatial¯ light 

modulator incorporates~ a -liquid crystal device .for 

m6dulating the phase of light travelling throug.h said 

liquid crystal .device, a reflector, device ¯ f0r returning 

light¯ back .through said ¯liquid crysta! device and a 

¯ device, disposed between said liquid crystal de¯vice and 

said reflector device, forr0tating-the polarisation, of 

light by 90 degrees, wherein the optical switch has an 

axis of symmetry and the spatial light modulators are 
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disposed on opposite sides of said¯ axis, each said 

switching hologram on said first spatial light modulator 

being operative to deflect said input light beams to said 

switching holograms ~!!~ said second spatial light 

modulator-and each said Switching hologram on said second 

spatial¯light modulator being operative to deflect said 

light beams to arespe.ctive optical receiver. 

Preferably each said input optical fibre is directed 

.towards a respective¯ switching hologram on said first 

spatial light modulator,¯ and. each said opticalreceiver 

comprises an output optical fibre, wherein each output 
optical fibre is directed towards a respective.switching 

hologram on Said second spatial light modulator. 

In one embodiment -the first and second, spatial light 

modulators are disposed such that a respective zero-order 

beam reflected from each switching hologram on said first 

spatial light ¯ modulator is incident on a respective 

switching hologram on    said    second    spatial    light 

modulator. ¯ 

Preferably a half wave plate is disposed between said 

first and second spatial light modulators. 

Alternatively the switching holograms are spaced apart on 

said first and second spatial¯ light modulators and the 

first and second spatial light modulators are disposed 

such that a respective zero-order beam reflected from 
each. switching hologram on said first spatial light 

modulator is incident on a spacing between two adjacent. 

switching holograms on said¯ second spatial light 

modulator. 
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Advantageously a half wave plate is-disposed between.said 

first and second spatial l-ig~t’.~modul’ators. 

Conveniently the switch further comprises respective 

optical, systemsdisposed between said input fibres: and- 

said..I first spatial light modulator and between ~sald 

output fibres and said second spatial light modulator, 

wherein, each said optical .system comprises two confocal 

lenses, the input and=output fibres being disposed in 

respective planes and a focal plane of a first .lens :=of 

each ¯optical system coinciding with the plane of the 

associated fibres. 

Preferably the. input and .output ¯fibres .are disposed in 

respective planes and the optical switch further 

comprises respective    arrays    of microlense.s,.- said 

microlenses being disposed in front of each fibre plane 

such that each microlens corresponds to aJ~respective 

fibre, and respective .optical systems disposed between 

said input fibres and said first spatial.light, modulator 

and _between said output ~fibres and said second ¯spati~al 

light~ modulator, wherein each said optical system 

comprises two confocal lenses,    and a focal plane of a 

first lens of each optica~ system coinciding with the 

output focal plane df the associated microlens array.i¯¯ 

Advantageously said optical fibres are thermally expanded. 
core ¯ (TEC) fibres" 

In another embodiment the first and.second spatial light 

modulators are mutually offset so that no zero order . 

beams from the first spatial light modulator is .incident 

on the second spatial light modul~tor. 
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Conveniently at least one optical- receiving element is 

disposed in a region receiving said zero-order beams from 

said first spatial light modulator, whereby input signal 

may~ be monitored. 

Advantageously,    the or each 

Alternatively other elements 

could be used. 

element is a fibre. 

such ~as receiver diodes 

Preferably each switching hologram provides a repeating 

pattern on its spatial light modulator, whereby the 

repeating patterns on thetwo SLMs satisfy the relation: 

where 82(u) is the repeating-pattern on the second SLM and. 

8z(--u) is the repeating pattern on the first SLM, ~and 

the angle of incidence is such that the Poyntingvector 

of the input light beam incident on the first SLM, and of 

the .light beams leaving .the second SLM, is in the plane 

of tilt of the director. 

In a preferred embodiment, the output fibresare secured 

together in an array by a glue containing black, pigment 

to attenuate misaligned light. 

In another preferred, embodiment, ’the output fibres are 

secured together to form an array and the spacing between 

the fibres of the ~rray is occupied by interstitial 
fibres which serve to accept and guide away cross talk 

from the switching zone~ 

BRIEF DEscRIPTION OF THE DRAWINGS 
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Non-limiting .embodiments of the ~nvention will now be 

described with reference to the accompanying drawings, in’ 

which : 

Figure 1 shows a prior art optical switch useful in 

understanding the present invention; 

Figure .2 is :a schematic diagram .showing the propagation 
of a.planar wave front through a .uniaxial liquid crystal 

~device;                                                     .. 

Figure 3 shows the use .of a. quarter-wave plate, and 

illustrates the polarisation.states of an input fieldin 

a double-PaSS reflective system;. 

¯ Figure 4 shbws a schematic .cross-sectional view of a 

.first embodiment of -a SLM ¯ with integral quarter-wave 

Figure 5 shows a schematic cross-sectional view. of a 
.second embodiment of/ a SLM with integral quarter’-wave 

plate; " ~. 

Flag’re 6 shows, an overview of an exemplary silicon back .. 

piatelayout for the device .of Figure.5; 

Figure 7 Shows, a schematic/diagram.of a"pi cell-for use . 

in the invention; 

Figure 8 shows a partial layout diagram, of a~ .first 

embodiment of an optical switch using two .reflective 

SLMs, in. accordance with the invention;                       .- 

Figure 9 shows a schematic diagram of a part of a. first 

optical system useable in ~he switch of Figure 8; 
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Figure I0 shows a schematic diagram of a part of a second 

opticaI system including a microlens array, useable in 
the switch Of Figure 8; 

Figure ii shows¯ the effects of zero-order cross talk in 

the device of Figure 8; 

Figure 12. shows, a partial¯ layout diagram of a second 

embodiment of an optical switch in accordance with the 

invention, being a modification of Figure 8 to include a 

half wave plate in ~the optical path between the two SLMs;. 

Figure 13 shows a partial layout diagram of a third 

embodiment of an optical switch in accordance .with the 

invention, being a modification of Figure 8 having the 

output SLM offset laterally to reduce cross talk. 

Figure 14 shows a fourth embodiment in which the output 

SLM is offset transversally to avoid cross talk; 

Figure 15 shows ¯propagation conditions inside the liquid 

crystal; and 

Figure 16 shows the differing propagation conditions 

inside the input and output SLMs. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

In the various figures, like reference signs indicate 

like parts. 

Figure 2 shows the~ propagation of a planar wave front 

i00, travelling along the z-direction through a layer of 
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uniaxial liquid crystal cell I01 -of uniform alignment. 

The cell comprises a.front plate 102 and a rear plate 103. 

sandwiching the liquidcrystal 104. The optical" axis 105, 

later also referred to herein as a director axis of. the 

uniaxial medium has been taken in the general case to 

tilt away from the x-direction by an angle 8 on to the 

plane, xOz. The tilt angle @ is electrically controllable 

by a voltage applied across the. liquid crystal cell I01..: 

The two propagation, modes travel along the z-direction 

with different velocities: these may be calculated, using. 
a geometric construction in which an ellipsoid is drawn 

with a long axis of length ne paralle! to the director. 

For a uniaxial medium the other two axes of the ellipsoid 

have equal lengths    (no).    A plane is constructed 

perpendicular to the Poynting vector (in this case the 

plane is parallel to the xOy plane). The intersection of 

this plane with the ellipsoid definesan ellipse II.0. The 

directions of the major and minor axes III, ¯112 of. this 

ellipse define the two orthogonal polarisation modes, 

while the lengths of these two axes define the refractive 

index experienced by the corresponding- mode. For a tilt 
in the xOz’ planei the minor axis of this e~lipse is 

para!lel, to the .Z-.direction,. rand .~he major" axis is 

therefore parallel to’the .~ direction, for all values of 

8. Hence, for any 8, the ~ and ~ directions are parallel 

to the polarisation modes, .so . that the components.~o.f 

incident light polarised in these directions will remain 

in these directions on propagation through the. liquid 

crystal. This¯ remains true even if the tilt angle 8 is 

changing inside the medium. 

The length of the minor axis 112 is no, for all Values of 

8. Hence the component of the field that is parallel to 

the y-axis experiences refractive index no whatever.the 
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tilt angl~ 8 is, and therefore the-phase delay caused to 

it by the cell is independent of the voltage across it 

(ordinary.wave)." On the contrary, the length of the major 

axis does .depend on the tilt angle 8, and so the x~ 

component of the field (extraordinary wave) experiences 

different refractive.index n for different values of the 

tilt angle. 

The length of the major ¯axis ill is n(8), and is given by 

equation (i) : 

l ¯ cos~ (0) + sin2 (0) 
n:(e)= no 

It follows that no ~ n(8)_< n=. The relative phase delay . 

between the two components is then given by t~he equation 

(2) : 

A¢ = kodAn �2] 

In equation (2), d is the thickness of the liquid crystal 

cell, k0 the wavenumber of the field in free space and An 

is given by dn=n~)-no.. Since ~nis a function of the 

voltage across the cell, equation (2) sh~ws that the 

applied voltage can continuously control the phase 

difference between¯the two components across¯ the cell. 

It will be understood by those skilled in the art¯that it 

is desirable to provide phase modulation that is not 

sensitive to polarisation, and ~evices and methods for 

achieving this will¯ now be described for the situation of 

normally incident light: 
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Expression (3) shows a mathematical representation of :.an 

arbitrary polarisation state as the superposition of two 

or~hogon~!, linearly polarised waves: 

- (E°x (t)exp j~ x (t~ exp j(kz - vX) E1N (x, y,z,t) - ~ E0y (1) exp J& Y (t~ 

where the amplitudes, Eoy(t) and E0x(t), and phases ~x(t) 

and s~(t) vary slowly, remainlng essentially constant over 

a large number of oscillations. For unpolarised light the 

relative amplitude, Eoy(t)/E0x(t) " and relative phase, 

Ex(t)- £x(t), vary.rapidly compared to the coherence time 

of each linearly polarised component, i,e. the two waves 

aremutually incoherent. For randomly polarised light the 

-relative amplitude and phases.vary slowly with respect to 
the coherence time, i.e. the two waves are. mutually 

coherent. Hence. the above representation is valid for any 

light wave. 

Such light could be modulated by applying the same phase 

delay to both of these components.    However,    the 

configuration in figure 2,. allows just one of the two 

components (x-component) to be Properly phase-modu&ated 

since the y-component always gains the same phase delay. 

Figure 3 shows a schematic diagram of a configuration 

that would allow for both components to.be modulated. 

Referring to figure 3, light is reflected from a mirror 

30 after passing through a liquid crystal cell-32~ to 

enable a double-pass configuration. In between the two 

passes a suitable’ rotator 31 is introduced, which .rotates 

both components through 90°. As is known to those.skilled 

in the art, a quarter -wave plate acts to retard One 

polarisation    component of light    relative to    the 

orthogonally polarised component; thus the combination Of 

a quarter-wave plate (with an optical axis tilted out of 
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the plane 0xz by 45°) and a mirror ~acts as a 90° rotator. 

It would of course .be possible, to use a 3/4, 5/4 etc- 

wave plate, the criterion being an odd-integer number of 

quarter waves, so that.adouble pass produces the overall 

90°    rotation. "Consider    light    with¯ an    arbitrary 

polarisation state (as in expression 3) at normal 

incidence passing through the configuration ¯shown in 

figure 3.    Differences for off-normal incidence will be 

considered later. 

For the first pass, on the way towards the quartier wave. 

plate and ~mirror, the polarisation component- polarised in 

the ~ direction (E0x (t)    exp j ~x(t) ) ~ experiences a 

refractive index n(8)., where 8 depends on the applied 

voltage, while the component in the ~ direction (Eoy(t) 

exp j EY(t)) does not, and instead experiences, a 

refractive index, no , that is¯ independent ofthe applied 

voltage. The orientation of the quarter wave~..plate is 

such    that    these    two    polarisation    components~ are 

exchanged. For the 2"d pass, on returning back through the 

liquid crystal, the component Eox(t) exp j ~x(t)) is now 

polarisedin the ~ direction, and therefore experiences a 

refractive index no, while ¯the component E0z(t) exp j zy(t) 

is~ now polarised in the ~ direction, and experiences a 

refractive index n(8). In this way both components gain 

overall the same amount of phase delay through the system 

since they both experience one pass under a- refractive 

index n~) and one pass undera refractive index no. 

In particular (equations 4 and 5) 

Eox component: A~}OX = A~LyF_pAss + A#2ND_PASS = b~(8)d + knod (4) 
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The system may be described mathematicall~ (equat:ion-6)- 

in terms of Jones matrices, with the result that (as 

expected): 

E ouT(x, y~ z, t) .- 

(    0 " expjkd(n° +n(O))~(.Eox(t)expj~x(t)~ex "’kz tot" 
= expjkd(n0 +n(8)) .0 . )[EOrCt)expj.r(t)) P Jr - ) {6}. 

It ¯should however be noted that the light exits the 

system in the opposite orthogonal state. This.:¯ Jones 

matrix result uses the convention .that .the y-axis is 

inverted on reflection from the mirror. The mathematical 

result confirms that both components of the ¯output. light 

have the same phase change (in agreement with equation 4 

and 5) and .therefore polarisation insensitive " phase 

modulation is feasible. 

In general 8 may vary with z, in which case the:. index 

n(8) in (6) should be replaced by (expression 7):¯ 

-+ dz. (7)    .:. 

The foregoing pr&nciple can be applied to an array of 
modulating elements~ A plane wave front of arbitrarily 

polarised light, which normally impinges bn to. such an 

array of pixels, each. of which is characterised by a 

specific value Of tilt angle (by the application of 
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different voltages across it), or a- specific distribution 

of tilt angles, can be spatially phase, modulated.’ 

Referring now to. Figure 4, a first embodiment of an 

integrated spatial light modulator in accordance¯ with the 

invention will now be desc.ribed:                      -~ 

AS seen in figure-4, the SLMcOnsists of an aluminiumlpad 

120, which forms a pixel, array, and is connected to pixel. 

driving circuitry by a connection figuratively -shown. at 

126. On the .pixel array 120 there is disposed a. quarter 
-waVe pla~e 121. On the quarter-wave plate, and over an 

intervening alignment layer,    (not shown)    there    is 

disposed a liquid crystai layer 122 -. here. a.~ nematic 

liquid crystal is used, but the invention is. not so 

limited~ The actual requirement is the ability, to prbvide 

an ~ut of plane tilt. On the liquid crystal layer .there 

is disposed an alignment layer 123, as known to those 

skilled in the art, and over the alignment layer there is 

disposed a transparent conductive layer 124 ¯such as an 

ITO (Indium Tin oxide) layer forming a common electrode 

plane, and an upper glass layer 125. 

The quarter-wave ¯ plate can be deposited on the pixel 

array by spin-coating a proper reactive monomer, which 

can be polymerised by exposure to ultraviolet light.. In 
the cell of Figure 4, the aluminium pad acts as a mirror 

and¯alsoprovides the necessary power voltagelacross the 

Ce~i for the liquid crystal 122 to switch. 

A second embodiment is show~ in figure 5. 

Referring to figure 5, a pixel array 130 is integrated on 

a silicon-l.5~m-transparent backplane structure 131, and 

is Sandwiched between the backplane structure and one 
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face of a liquid crystal layer 13~.    The other-~de of 

the liquid crystal layer 132 is in contact with an 

alignment layer .133, which in turn is covered by an ITO. 

layer ~134. A quarter wave-plate 135 is-disposed, between 

a front aluminium~ mirror 136 and the .ITO.electrode 134. 

The thickness of the quarter wave plate may be adjusted 

by spin-coating techniques so that in reflection it 

functions as a half-wave plate at ~=1.57 ~m. 

An embodiment of a spatial light modulator in accordance 

with    figure    5 . was    constructed.    The pixels    were 

constructed using the polysilicon layer of a conventional 

2~un CMOS process.     Figure 6 shows an overview of the 

silicon backplane layout ....... 

Referring to Figure 7 a further embodiment .0f the 

invention uses a twisted nematic liquid crystal ~.mixture 

in a ~-cell configuration, again using ’a .quarter-wave 

plate.     Such a device enables reduced liquid crystal 

response time. In such cells the director of the.nematic 

¯ liquid crYStal twists along the thickness of the cell 

through an angle. Figure 7A shows the director angle as a 

series of illustrative lines 50- 56 across t.he cell 

thickness, with the cell in the unbiased state. Figure &B 

shows the other extreme condition with maximum bias, with 

the directors forming a straight line between -the front 

and rear plates. In a pi cell flow of material within the 

cell during the switching process is minimised and the 

response time decreases. Given that-the thickness o.f the 

cell is large enough so that the field can be actually 

wave-guided through it, the same principle ofl. figure 2 

applies and the cell can give fast, polarisation 

insensitive switching. ’ 
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Although the above discussions are in the context of an 

integral retarder, it is also . possible to use- a non- 

integral retarder, such as a non-integral quarter wave 

plate. The following description is not therefore .limited 

to an integral qu.arter wave plate. 

Referring now to Figure 8, a first partial diagram of an 

embodiment of a reflective switch uses a first, or input 

SLM .140 and a second, or output SLM 141, each divided 

into a set of blocks (or holograms), and disposed spaced 

apart and generally parallel to and on opposite sides of 

an axis of symmetry 142..Thetwo SLMs face the axis 142, 

and are spaced along it.. An input fibre array 143 having 

an input fibre FC is directed towards the first SLM 140, 

and is disposed such that light from the fibres in the 

array are incident upon theinput SLM at an angle 8in to.a 

plane normal to the plane .of the SLM. An output fibre 

array 144 having an output fibre fB is.similarly directed 

with respect to the output SLM 141. Thus light describes 

a generally zigzag path from the input fibres of the 

input array, to the first SLM 140, then to the-second 

opposing output SLM 141 and finally to a fibre of the 

output array 144. As discussed above, each SLM displays 

plural holograms, and the disposition of the system ~s 

such that for the input SLM ¯ 140, each hologram is 

associated: with a particular input fibre, while for. the 

output SLM .i41, each hologram is associated with a 

particular output fibre. 

Routing from input fibre fC to output fibre fB is 

achieved by configuring input hologram hC to deflect the 

input beam to output ho!ogram hB, so that the angle of 

reflection typically differs from the incident angle 8xn. 

Output hologram hB deflects the beam incident on it to. 

output fibre fB. In between each hologram and its 
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is an . optical¯ ’system, 

embodiments-of which are described later herein,¯ that has 

the function of presenting beams of appropriate, diameter 

to the hologram. 

In order to minimise the system losses, it is desirable 

to ha~e as few lenses as possible in the optical system. 

-A first optical system, for use with the switch ..of Figure 

9, is shown in Figure 9.    Referring to Figure ~9, the 

optical system has a first 150 and a second 151 confocal 

lens in a telescopic arrangement.    The system has the 

fibre array 143 to the left, as shown, ..of the first~ lens 

150, and the SLM 140 on the right of thesecond lens-151. 

The focal length fl of the: first lens 150 is shorter than 

the focal length f2 .of the second lens 151. The fibre 

array 143 is positioned at the input focal plane of the 

first lens i50, while the output focal plane of the 

second lens 151 is approximately midway between the 

hologram devices 140, 141 (see figure 8). The same:-system 

would be used at both input and output to the switch. 

Under certain circumstances, as will be clear :to those 

skilled in art, a field flattening lens may be-required. 

In a co pending patent application an embodiment using 

reflective SLMs has the beam passing twice through .a lens 

(off-axis) positioned immediately in front of the SLM 

The system¯ of Figure 9 has a relatively low wavelength 

range. However, a number of measures ¯ can be used to 

improve the wavelength range These include:¯ 

use of fibres with a ¯larger Spot-size, such .as TEC 

(Thermally Expanded Core) fibres:                         .~ 

use of fibres with a narrower diameter thus allowing 

closer packing; and 
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use Of a microlens .array afteT the fibre array, so 

that the focused sp0t~:ieaving themicrolens array are in 

the input focal plane of the lens of lower focal, length 
(see .figure I0 in which a microlens array 153 having 

focal length, fm is :between the lens 150 and the input 

fibre array 143. The 1nput microlens array 153 is . 

disposed with respect.to, the input fibres so as .to focus 

light from those fibres to the focal plane of the lens 

150). 

An advantageous opti0nis to use both a microlens -array 

and larger spot-size fibres in the fibre array. 

As will be clear to those skilled in the art, the 

required number of pixels in each row .of the hologram, M,. 

may be calculated using the beam spot size of the: 

hologram and the maximum beam steering angle, and the 

cross talk requirement.                              ~. 

The requirements of optimum performance suggest the use 

of either standard fibres with a microlens array or. 
fibres with larger than standard spot size. 

As known to those skilled in the art, a quarter-wave 

plate will only work perfectly for. one particular 

wavelength, giving rise to ~errors at other wavelengths. 

Deviations from the theoretical aIso result    from. 

fabrication tolerances    in    the    quarter-wave    plate 

thickness and birefringence, and from misalignments 

between the plate Orientation and the plane of tilt of 

the liquid crystal. 

It can be shown that these effects produce Zero-order 

(i.e. undiffracted) polarisation-dependent crosstalk in a 
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switch configuration due to the. homponent of incident 

light in the y polarisation direction. 

For incident light polarised in the ~-direction, :it can 

be shown that the result of the errors, is to pr0duce, a. 

diffraction :order at twice the angle of the intended .main-~ 

diffraction order. The amplitude of. this doubled’order 

crosstal-k varies with the polarisation state of the input ~ 

light, and hence theeffect is to generate p01arisation--. 

dependent crosstalk.                                                    % 

Reference to Figure 8 shows that the¯ input and ~.output~ 

holograms deflect .the beam in. opposite directions. As 

known, maximal ¯wavelength range is achieved when angular’~. 

¯ deflection .is .equal " and opposite. The consequence is~ 
that, with the SLMs parallel as shown," the beams 

travelling.:from the input fibres to the input .holograms 

are parallel to the- beams travelling from the outputl. 

holograms to the output fibres. 

As the hologram array is regular, such that the set of::. 
tilt angles :is: quantised into units of Mp/L, where ~M 

the number of pixels in each rowof the .hologram~ .p is-. 

¯ the pixel ’pitch, and L is the. distance between the 

holograms, therefore to route¯ to a fibre nx along~in the x 

direction, and ny a~ong in the y direction, the -beam~: 

deflection at the input hologram is given by equation 8: 

8(sinOx)=nxMPL and 8(sinO,)=n’MpL 
(8) 

Also the beam deflection at the Output hologram is..~ 
(equation 9) :... 

,9(minOr.)= nxMP and 6(minOr)= nrMP 
¯ ¯L                        L 

(9) .... 
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Referring¯ now to Figure Ii, the output SLM 141 is 

arranged such that the zero-order beam reflected from the 

centre of any hologram on the input SLM i40 is incident 

On the centre of :an output hologram .of the output SLM 

141.     This is the’ configuration that maximises the 

Wavelength range. For example, the zero-order reflection 

from¯ hologram hA is incident¯ on the centre of hologram 

hB. 

The ¯effect of the quarterlwave plate tolerances is to 

route a beam 145 of amplitude ayy from. hologram hA on 

input SLM 140 to hologram hB on output SLM 141, where ayy 

is the fraction of incident light polarised in. the y 

direction which remains in that state after transition 
through the first SLM .~40.. " Anaiogous effects at the 

second SLM 141 cause a beam 146 of net amplitude of up to 

(a~)2 to pass into the zero-order output from hologram 

hB~    As a result of .the system geometry, the zero-order 

beam 146 reaches output fibre fC. Hence the effect of the 

y polarised light that ¯remainsin this polarisation-state 

is to cause crosstalk in fibre fC of maximum amplitude 

(ayx)2 from the signa~ enteringl the switch at fibre fA. 

The remainder of the light from hologram hA directed¯ to 

~ologram hB has amplitude .ay~(l-a~y). This light will be 

subject to the intended deflection angle introduced by 

hologram hB, and will form a light beam 147.. Let the 

distance in hologram units between holograms hA and hC on 

-,first, input SLM 140 be (dx, d~). What happens next depends 

on the. design of the system.¯ For the basic system 

(microlens-free system), the beam will enter output fibre 

fC at a tilt angle. The system may be designed such that 

this light (of-maximum amplitude a~(l-a~)) is partially 

attenuated by the limited angular acceptance of the 
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output fibre (or offset acceptance, depending ~on the 

optical¯ architecture). It may. be shown that the 

attenuation, ~TX,~T, due to this tilt is given by equation 

I0: 

¯ = + (lO  

where .’. 

¯ 5C2 loglo e 

¯ where C is the clipping parameter at the hologram, such 

that Mp=C.~. H0{, where ~H0~ is the beam spot-size at the 

hologram.       ~ith a switch ~onfigured for maximum 

wavelength range, the worst-case ¯value of dx2 + dy~ is 

unity.    To improve crosstalk suppression, ~TZLT should be 

as high as possible: thus performance is improved by 
increasing thevalue of theratio of the spot-size to the 

fibre separation. 

Referring to Figure 12, a second embodiment of an optical 

switch differs from that shown in Figure 8 by disposing a 

half-wave pla~e 150 between the two spatial~. light 

modulators 140,141. The half=wave plate exchanges for a 

.second time the ~ and y polarisation components so that 

the residual zero order beam 151(of maximum amplitude an) 

from the first SLM 140 is ~ polarised on reaching the 

second SLM 141. Of this~ light a first output beam~152 

results from a fraction a~ being deflected by twice the 

intended deflection angle, and .£here is thus no longer 

crosstalk directedprecisely at output fibre fC. In fact 

this beam is deflected so it comes in at twice the tilt 
(or twice the offset~ depending on the architecture), and 
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the attenuation is scaled up by a.-factor of. 4.. The rest 

of this polarisation-dependent zero-order light is again 

deflected by the intended deflection angle, and is~ 

subject to the same attenuation as for the system without 

a central half-wa~e .plate~                                         . 

Referring to Figure 13, a third embodiment of an optical 

~switch according to the invention has the second SLM 141 

offset by half a hologram’s width in one plane (e~g. the 

x ~irection). Thus zero-order crosstalk 145, including 

the polarisation-dependent zero" order, is directed at a. 

point midway 149 between output fibres. In this case the 

zero-order crosstalk is subject to an offset 0f.s/2, with 

a corresponding additional attenuation dependent on the 

offset. 

The third embodimen~ is most appropriate in the presence 

of good surface flatness on the SLM. For the case of 

offset loss, it reduces as. the ratio of the spot-size to 

the fibre separation .is increased. In any final design 

there w~ll be an optimum Value of this ratiO to obtain 

theoverall required system performance. 

Referring now to Figure 14, in a further embodiment a 

further reduction of the zero order is achieved by 

offsetting the output. SLM 141 with respect to the input 
SLM 140 by a whole. SLM’s height~ (or more) in the 

direction normal to the plane of incidence. The figure 

shows two light beams 70a, 70b, each incident on a first 

SLM 140, and having a zero-order reflection from that SLM 

to define a respective plane of incidence. It can be seen 

that each plane of incidence is horizontal    - the x-z ¯ 

plane. The .output SLM 141 is offset downwardly so that 

zero orders do not impinge on it. Alternatively, an 

upward shift could, be employed. This embodiment offers 
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resilience to the .effects of bowing or long-range surface¯ 

distortion, of the reflective surface inside the SLM. In 

this case the zero orders fall outside of the output 

fibre array, and can be conveniently used for monitoring 

purposes, for example. 

Now consider the polarisation-dependent doubled orders, 

in a 2rD system. Let these¯ be approaching the output 
hologram at deflection angles (equation Ii) : 

6(sinOx)=cx Mp and 6(sinOy)=crMp 
L ’ L 

(ii) 

In the zero-order aligned system (Figure 8) the possible 

values of cx and c~ are always even, while nx and n~. can 

take any integer values~ Henceit is possible for doubled ¯ 

Orders from the¯input SLM 140 to arrive at the centres of 

output holograms, and afterwards be focused directly, or 

at a tilt, into an output fibre. In the. zero-order 

interleaved system (Figure I0), however, the possible 

values of. cx are always odd integers, while nx. can only 

take half-integer values. Hence the doubled orders from 

the input .SLM i 140~ will arrive between the output 

holograms, and Will be. focused directly, or at a tilt, 

into points midway between output fibres. Hence zero- 

order      interleaving     also     creates      doubled-order 

interleaving. 

In a preferred embodiment, the attenuation of ¯beams 

arriving between the output fibres is increased by adding 

black paint to the glue holding the fibres, together 

inside the fibre array. It will be understood that other 

absorbers could also be used. In another embodiment, the 

spacing between¯ the fibres of the array is occupied by 

interstitial fibres, which serve to accept and guide away 

cross talk from the switching zone.              .¯. 
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The amplitude of the doubled-order beam is at most a~. In 

the absence of a central half-wave plate, there will be a 

beam of maximum amplitude a~2 coming out at deflection 

angles (with reference to beams focused directly into an 

output fibre) given.by equation 12:                                - 

8(sinex): (cx ~ 2nx)MPL and 8(siner)=(or -2"r)MPL     (12): 

The worst-case scenario is that Cx=2nx, and cy=2nr. In this 

case for the zero-order aligned system (Figure Ii), the 

beam of maximum amplitude a~2 will be focused directly 

down the output fibre. While for the zero-order 

interleaved system (Figure 13), this beamwill be focused 

¯ in between the~ output fibres, and will therefore be 

subject toan offset loss. 

In the presence of .a central half’wave plate, a weak 

beam, of maximum amplitude a~a~, will be reflected as a 
zero-order reflection, and will- therefore come out at 

deflection~ angles.given by equation 13: 

a(sinOx):=cx- Mp and.,  (siner)=crMp (13) 

Firstly consider what happens in the zero-order aligned 

system (Figure II) : this beam is attenuated at the output 

fibre due to the limited angular accqptance. Either.cx or 

cy could be zero, in which case the minimum value of the 

tilt loss at the output fibre is 

Now consider what happens in the zero-order interleaved 

system (Figure 13). The worst-case is cy=0 and ~=I: the 

beam will be attenuated by a tilt loss of ~T and also the 

above described offset loss. In addition, if the output 

SLM¯is offset ve~tically, then the minimum value of ny is 

i, in which case the beam will additionally be attenuated 

by a tilt loss of 4 ~T. 
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Now consider the.remaining light in the incident.doubled 

order. Without a central half,wave plate, this beam will 

have. a maximum.amplitude of a~(l-a~)~, while in the 

presence of a central-half-wave plate, this .beam will 

have a maximum amplitude of a~(l-a~y). With or without the 

central half-wave plate, this beam is deflected.;by the 

intended deflection angle, and so leaves the~.output 

hologram at a deflection angle~given by equation 14-: 

6(sinOx)= (Cx -nx)MP and 8(sinOy)=~cg-n’)MP (14) 
L L 

For the zero-order aligned system, the worst-caseis for 

either cx=nx or cr=ny, but not both. Assume that !~one of 

these is true. The minimum attenuationis when:: [cx--nx [ = 

1 or when Ic~-ny ]¯ = 1 and so the beam will be attenuated 

by a tilt loss of ST. For the zero-order interleaved 

System, the minimum attenuation is when [cx-nx ~ = 1/2 .and 

Ic~-ny I = 0. The minimum attenuation- is then 0.25UT, 

added to the offset loss. If. additionally, thi :output SLM 

141 is offset, by an odd integer number of hologram 

heights, then the offset loss is doubled from that 

previously defined, and the minimum value of Ic~-ny I 

becomes I/2, so the tilt attenuation is increa-sed.~to 0.5 

To maintain desired back reflection conditions .off-noznnal 

incidence is preferable: it is likely to occur ,.in any 

event due to the geometrical constraints of the system. 

However the closer to normal incidence, the better is the 

performance. 

Where the beam has off-normal incidence, the phase of the 

reflection coefficient from the mirror of the. SLM becomes 

polarisation-dependent-, due to plasmon resonances !in the 
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metal mirror. ¯The effect is to increase the¯ fraction Of 

light in each polarisation state that remains in that 

state after passing back through the quarter-wave plate. 

Another effect of off-normal incidence through ’the 

quarter-wave plate is to change,¯ for the worse, both the 

effective thickness and also the birefringence..Hence a 

consequence of off-normal incidence is to increase the 

strength of the.polarisation-dependent crosstalk into the 

zero and¯doubled orders. 

Given off-normal incidence, it now becomes necessary to 

choose the plane of incidence. In this section .the 

effects of off-normal incidence, but still in the¯ x-z 

plane, are investigated. ~.¯ 

Assume the Poynting vector¯of the incident light to be in 

the xOz plane, with a poiarisation component Eoy(t) exp j 

sy(t) in ¯the¯ y direction, and E0xz(t)exp j Exz(t) in the 

xOz plane (in a direction mutually orthogonal to ~ and 

the ¯Poynting vector).                     ~    ~ 

Let the light be incident at an angle ei~ to the mirror, 

as shown.±n Figure.15, and let the long axis of the index 

ellipsoid be in~ the xOz plane, at an angle 8D to the x- 

axis. A geometric method as discussed previously may be 

used to analyse the propagation. As before, the index 

ellipse is defined by the intersection of the plane¯- 

perpendicular to ¯the ¯ Poynting vector with the .index 

ellipsoid. As long as thePoynting vector remains, in ~the 

xOz plane, the light component polarised in the ¯ y 

direction and travelling towards the mirror (Eoy(t) exp j 

Ey(t)) . experiences .a refractive index no, that is 

independent of the tilt angle. This means that even ¯if 
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ihe tilt angle is changing in th~ z direction," the y 

polarised component still perceives a constant refractive 

index. This index is also independent of. the. angle of 

incidence. The index experienced by the orthogonal 

component (E0xz (t) exp ~j ~xz (t)) is the length of the major 

axis of. this ellipse. On propagation towards the mirror 

the major axis is at an angle 8D-49z~c to-the director in 

the xOz plane: the length.and direction of this axis is 

shown by the line AB on the figure. Mathematically the 

index experienced by the orthogonal component (E0xz(t) exp 

j ~xz(t)) is given by substituting 8=SD-Szuc into equation 

(I) .. After reflection from the mirror and~ passing back 

through the quarter wave plate it is thee component¯ E0x(t) 

exp j ~y(t). that is polarised in¯the xOz plane.: For. this 

second pass, the major axis of the index ellipse iis now 

at an angle 8D+Sx~c to the director in the xOz plane: the 

length and direction of this axis is shown by the line AC 

on the figure. Mathematically the index experienced by 

the orthogonal component (E0xz(t) exp j ~z(t)) is given by 

substituting 8=SD+Sz~c into equation (I). Hence ~the, phase 

¯ delays for the two components are now given by equations 

15 and 16: 

Eoxz component : 

~ oxz = ~,sr-P.~ss + A~]vZ)-~SS = kn(S z, - e ,~c )d + knod 

Eo~ compon en t : 

AOor = AOlS’f-PaSS + AO2ND-/’aSS = knod+ kn(OD +O]NC)d    (16) 

There fore    the. . phase,modulation    now    has    a .< weak 
polarisation dependence, which increases with the:! angle¯ 

of incidence, and .is given approximately (to ~.second _ 

order) by equation 17: 

A~boy -- A#0XZ = 2kSiNc      .               .(17) . 
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In a cell in which the tilt angle is varying (as in 7), 

the polarisation dependence of the phase modulation is 

given by equation 18: 

z=O .         I0 " 

The rate of change of n with respect to director angle is. 

easily.shown to be (equation 19):. 

~h n3(~ sin2~ ! 1I (19) 
2 .. -[.02 

Note that for tilt angles in the range 0 to ~/2, this 

derivative is always negative, while for tilt angles in 

the range ~/2 to =,. the derivative is always positive. 

For a pi cell, thetilt angle 8 varies between 0 and ~. 

Hence the polarisation-dependent phase modulations may 

partially cancel. 

An important property-of this plane of. incidence, is ~hat 

of the directions of the two polarisation modes. Bearing 

in mind that these are given by the_ directions of the 

minor and " major ~ axes of the ellipse formed by the 

intersection of the plane perpendicular to the poynting 

vector, with the index ellipsoid, if the Poynting vector 

is in the x0z plane, then the minor axis. is always in ,the 

~ direction and the major axis is always in the x0z plane 

(and parallel of course to ~the :x0z component of the 

incident light). Therefore the p01arisation states of the 

~ polarised and orthogona! components of the incident 

light are not changed inside the liquid crystal, and 

therefore proper polarisation cQmp~nent exchange should 

still take place at the q~arter-waveplate and mirror. 
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Returning now to the polarisation-~ependence, ~the effect 

on    a    beam-.steering    device,~ is    to    introduce    a. 

polarisation-dependence into. the amplitude (but not the 

output angle) of each-diffraction order, where this 

polarisation-dependence is a function of the angle of 

incidence. Now consider an NxN switch using two such. 

devices, and let the SLM shown in Figure 15 be the input 

SLM. -In order to keep the mathematics simple,, an 

analysis is .~now presented for I-D SLMs, and hence 

dimensional beam-steering. The results of this .analysis 

hold ~ good for two dimensional. SLMs. Define Fourier - 

coefficients all and b~z such.that (equations 20 & 21) : 

where u is the position co-ordinate of each pixel, and 

~(u) is the intended phase modulation, as defined 

immediately before equation (13). Hence for ~he.. input. 

SLM, the y polarised component of the incident field is 

diffracted into orders .of amplitude bL1, while the 

orthogonal component is diffracted into ~orders of 

amplitude aLz. For a well-designed hologram, almost all of - 

the power will go into a single.diffraction order.         .- 

It is assumed that the input andoutput SLMs are made in 

the same . way. Now consider pixels in the .two SLMs 

applying the same nominal phase modulation (for a 

normally incident beam), and hence having the same tilt 

angle, 8D. Due to the geometry of.the arrangement of SLMs 

etc, the beam entering the ist SLM is parallel to .the 

beam leaving ’the. second SLM, as shown in Figure ~6. LeE 

there again be a half-wave plate between the..tWO SLMs. 
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The ~ polarised component of the "field incident on the 

Ist SLM, is polarised in the x0z plane on leaving the ist 

SLM, and due to. the half’wave plate is again y-polarised 

on entering the second SLM. This component perceives the 

ordinary index no on propagation towards the mirror. On 

propagation away from the mirror, the index perceived is 

given by an effective tilt angle of 8=SD--SINC- Hence the 

total phase delay for. this component is given by 

(equation 22): 

Eo¥ componen t : 

Ag~01" = Ag~IST-PASS + A~2ND-PASS = kn(OD " 01NC)d + imod (22) 

Similarly, it can be shown that for the orthogon~l 

polarised component (in the x0z) plane of the beam 

incident on the. Ist " SLM, the phase modulation at .the 

-second SLM is given by (equation 23): 

Eoxz compon en t : 

A#O.Xz = A#IST_p~s + A#2ND_PaSS = knod + kn(8D + 81Nc)d (23) 

At the second SLM, and assuming substantially flat SLMs, 

the hologram .is .substantially complementary to that at 

the first SLM. Let the intended~ phase modulation at the 

second SLM be ~c(U), and let the director angle be 8c(u). 

If at the .input SLM, the hologram, is designed to maximise 
the output into the L’th diffraction order, .then at the 

output SLM, the hologram should maximise the output.into 

the --L’th ~diffraction order. For this. output SLM 

therefore, the Fourier coefficient b_L2 that-defines the 

amplitude of the main diffraction order for the y 

polarised component of the field incident on the Ist SLM 

is given by (equation 24): 
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while the Fourier coefficient for the main diffraction 

order from the output SLM for the orthogonal component of 

the field incident on the Ist SLM is given by-(equation 

25) : 

The overall holographic switching efficiency for. the 

polarised component of the field-incident on the 1st SLM.- 

is given by (equation 26): 

¯2 
=1 ,11<L=I    (26) 

while the overall ¯holographic ¯switching efficiency for 

the orthogonal component of the field incident on the Ist 

SLM is given by (equation 27): 

2     2 

Now .consider the hologram patterns, .and let the. local 

director angle, 8D(U) be expressed in terms of some 

fundamental repeating pattern, 01(U) (equation 28) : 

(28) 

Given that the intended or mean phase modulation on the 

ist ¯ SLM, ~(u), depends on the local director.~’- angle 

(equations 1 and 7), then it must also show periodicity 

with the same period ~, as. must any derivatives with 

respect to OD(U) (equation 19). Therefore, taking into 

account the effects- of off-normal incidence .as in 

equations 20~21 etc, the net phase modulation will still 
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be periodic with the same period. Hence we may define 

H-(u) such that (equation 29) : 

=/-/-(.)* y~(J~-.o) 

.(29) 
where u0 is some (arbitrary) origin. This origin affect8 

the phase, but not the magnitude, of the ~diffraction 

orders. The magnitude of aLx may be obtained in.terms of 

H(u) using Fourier series analysis (equation 30): , 
I~,1: ~ (0 ~xp, ~ a~ (3o) 

Similarly, let Oe(u) be the director angle on the 2nd 

hologram, and express it in terms of~another fundamental 

repeating pattern, 8z(u ) (equation 31): 

o~(~:o~(.). E~J~--,)             (~1) 

Therefore, using the same .arguments as above, the phase 

modulation on the. second SLM must also be periodic with 

period ~, and so we may. define G-(u) such that (.equation 

32): 

expi knod+@c(U)-l~iSiNC~--~ = G-(u)* 
eec I,~o(,,) .,=--00 

(32) 

where ux is. another, arbitrary, origin. Hence we may 

calculate the magnitude of b~2 (equation 33) : 

(33) 

If we let G-(u)=H-(--u), and make the substitution u’=-u , 

it is clear that (equation 34): 

I,~,1 =1~,_,.~1 (34) 
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Physically this may be achieved b~.making the repeating 

pattern 82(u) on the second SLM equal to 81(-u) on the 

first SLM. In which case (from equation(1)), ~@c(u) = @(-u) 

as required. Now consider the other two amplitude. 

coefficients. At the first SLM, define a periodic phase 

modulation H+(u), and use the same origin (equation 35) : 

(-)* 

hence we obtain b,.1 (equation 36): 

i_:p.l2     .      ~q 

Now, at the second SLM define a periodic phase modulation 

G÷(u), to obtain a_L2 (equation 37, 38): 

expi knod + # c (u) + kd01#~       = G+ (u)* 
~=~ 

(37) 

(38) 

Again, as we have already chosen that (equation 39) 

e2(u)=e~(-u) �39) 
then, automatically, @c(u) =:~(.u), in which case 

G÷(u)=H+(~u), and therefore (equation 40) 

I++,I = I,+..+.,.21 
Combining (36) and (40) we may obtain (equation 41): 

14.,11,~_,.21 = Ib,.,llb_,.+l (4 

Hence, if the basic periodic patterns on the two SLMs are 

chosen to satisfy¯ (39), and the angle of incidence is 

such that the Poynting vector of the¯ light incident on 
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the first SLM, and leaving the s~cond SLM, is in the 

plane of tilt. of the director (in this case the x0z 

plane), the overall switch efficiencies can become 

polarisation-independent (equation 42) : 

¯ TOY = ~0XZ (42) 

Note that this analysis neglects the change in beam 

direction between holograms due to diffraction~induced 

beam-steering.    This may create some polarisation- 

dependent loss, but it is expected that the configuration 

described is still the optimum, as it cancels the 

poiarisation-dependence of the system as a whole due to 

the angle of incidence. 

Given that the two orthogonal components perceive 

different phase modulation at each plane, the holograms 

must be designed that the worst-case unwanted diffraction 

orders do not cause unacceptable crosstalk. 

There have thus been described devices and systems for. 

optical switching which are polarisation insensitive. 

Embodiments of the invention as described are capable of 

high performance in respect ofcross talk. 
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Claims 

i. ¯ A switch comprising an integrated spatial, light 

modulator, for receiving light of a predetermined 

wavelength, the modulator compris-ing a liquid crystal 

layer spaced from a second layer by a layer having anI 

optical retardance of an odd integer number of quarter- 

waves of said wavelength, wherein the second layer is 

reflective of said light of said wavelength. 

2.    The switch.of Claim !, wherein said liquid crystal 

layer is a nematic crystal layer. 

3.    The switch of claim 1 wherein said liquid crystal 

layer is a ~-cell. 

4.    Theswitch of. Claim 1 or 2, wherein the second layer 

is a metallic layer. 

5.    The switch of Claim 3 wherein the metallic layer is 

of Aluminium~ 

6.    The switch of any preceding .claim wherein said 

wavelength is 1.57 ~m 

7.    A switch comprising an integrated spatial light 

modulator for receiving light of a predetermined~ 

wavelength, the modulator comprising a liquid crystal 

cell having a pair of opposed and mutually substantially. 

parallel end plaies disposed substantially parallel toan 

axial plane, and spaced-apart by .a liquid .crystal layer 

providing . a director angle tilt in a tilt plane 

substantially.orthogonal to said axial plane, said liquid 

crystal being spaced from a second layer by an optical 
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.layer having a retardance of an odd integer number of 

quarter-waves of said. wavelength, wherein the. second 

layer is reflective of saidlight.of said wavelength, and 

the optical layer being disposed with respect to said 

tilt plane such that light polarised in said tilt plane 

returns through said liquid crystal layer polarised 

substantially orthogonal to said tilt plane. 

8.     The switch of Claim 7, lwherein said liquid crystal 

layer is a nematic crystal layer. 

9. The switch of claim 7, wherein said liquid crystal 

layer is a ~-cell. 

i0    The switch of any of claims 7-9, wherein the second 

layer is ~ metallic layer. 

Ii. The switch of Claim10 wherein the metallic layer is 

of Aluminium. 

13. The switch of any preceding claim, wherein the 

modulator has .a glass cover disposed over said liquid 

crystal layer, and the metallic layer has a connection to 

d~iving circuitry for switching the modulator. 

i~.- A method of switching a light beam having a first 

component polarised in a first direction and .a second 

component polarised in a second direction orthogonal to 

the first, the method comprising providing a device 

having a liquid crystal layer and an integral optical 

retardance, the liquid crystal being responsive to a 

variable drive voltage to provide a corresponding 

variation in director angle tilt; and further.comprising: 

applying a variable drive voltage to Said liquid crystal 

device; applying said beam to said liquid crystal de~ice 
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to provide an intermediate beam h~ving a variable phase 

delay applied to said first component and.an at least~ 

substantially fixed phase delay to said second component; 

by said retardance, rotating the polarisation of said 

intermediate beam; applying the resuitant light to said 

liquid crystal device whereby a component of said 

resultant light polarised in said first .direction 

receives said variable phase delay and a component of 

said resultant light polarised in said second direction 

receives said at least substantially fixed phase delay .... 

15. The method of Claim 14 wherein the. rotating step 

comprises rotating said polarisation through 9.0 degrees 

whereby at least substantially equal amounts of variable 

phase del~y are applied to each of said first and second 

components.                                                        :, 

16. The method of claim 15 wherein the rotating step 

comprises a step of reflecting said intermediate beam 

back along its incoming path. 

¯ 17. An optical switch comprising a plurality of< input- 

optical fibres for providing plural. input light beams, a~ 

plurality._of optical receivers for receiving, output light 
beams, a first and a second reflective spatial light 

modulator, and drive circuitry for forming a respective 

plurality¯ of switching holograms on each- spatial, light 
modulator, said holograms being Selected to couple each~ 

said input optical source to a respective desired optical. 

receiver,     wherein    each    spatial     light, modulator ~. 
incorporates a liquid crystal device for .modulating the 

phase of light travelling through said liquid crystal~ 

device, a reflector device for returning, ligh~ back 

through said liquid cr~stal device and a~device, disposed 

between said liquid ~crystal device and said reflector 
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device, for~ rotating the polarisation of light by. 90 

degrees, wherein the optical switch has an axis of 

symmetry and the spatial light modulators are disposed on 

opposite sides of said axis, each-said switching hologram 

on said first ¯spatial light modulator being operative to 

deflect said input .¯light beams to said switching 

holograms on said second spatial light modularor ~and each 

said switching hologram on said second sp~tia~l .~ight 

modulator beingoperative to deflect said light .beams to 

a respective optical receiver. 

18. The switch of claim 17, wherein¯ each said input 

optical fibre is directed towards a respective switching 

hologram on said first spatial light modulator, and each 

said optical receiver comprises an.output optical fibre, 
where¯in each output optical fibre is directed towards a. 

respective ¯switching ~hologram. on said second spatial_ 

light modulator. 

19. The switch of Claim 17 or 18 wherein the first and 

second spatial light modulators are disposed~ such that a 
respective zero-order beam reflected from each switching 

hologram on. said first spatial light .modulator is 

incident on a respective switching hologram on said 

second spatial/light modulator. 

20: The switch of any of claims 17-19 wherein a half 

wave plate is disposed between said first and second 

spatial light m~dulators. 

21. The switch of claim 17 wherein the switching 

holograms are spaced apart on said first and second 

spatial light modulators and the first and second .spatial 

light modulators are disposed such that a respective 

zero-order beam reflected from each switching hologram on 
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said first spatial light modulatbr is incident on a 

spacing between two adjacent switching holograms on said 

second spatial light modulator. 

22. The switch of any ~of Claims 17-21 and further 

comprising respective optical systems disposed between 

said input¯ fibres and said first spatial light modulator 

and between said output fibres¯and said second spatial 

light .modulator, wherein each said optical system 

comprises two confocal lenses, the input and output 

fibres being disposed in respective planes a~nd a~ focal 

plane of a first lens of each optical system coinciding 
with.the plane of the associated fibres.               ¯’; 

23. The switch of. any o~ claims 17-22 wherein the input 

and output fibres -are disposed in respective.planes and 

the optical switch further comprises respective arrays of 

microlenses, said microlenses being disposed in front of 

each fibre plane such that¯ each microlens corresponds to 

a respective fibre, and respective optical systems 
disposed between said input fibres and said first spatial 

light modulator and between said output fibres and. said 

second spatial light modulator, wherein each~ Said optical 

system comprises two conf~cal lenses,    and a foca~ plane 

of¯ a first lens of each optical system coinciding with 

the output focal plane ofthe associated microlens array. 

24. The switch of Claim 22 or 23 wherein said Optical 

~fibres are thermally expanded core¯ (TEC) fibres.. ; 

25. The switch of-claim 17 wherein the first and second 

spatial light modulators are mutually offset so that no 

zero ~rder beams from the first spatial light modulator 

is incident.on the second spatial light modulator. 
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26. The switch of claim. 25, and ¯further comprising at 

least one optical receiving-element disposed in a region 

receiving said zero-order~ beams from said first spatial 

light modulator, whereby input signal may be monitored. 

27.. The switch of claim 26 wherein the or each,oelement 

is a fibre.                                     ~ 

28. The switch of any of Claims 17 -27 wherein each 

switching hologram provides a repeating pattern on its 

spatial light modulator, whereby the repeating¯patterns 

on the two SLMs satisfy the relation: 

. 82 (u) = O,(-u) 

where 82(u) is the repeating Partern on the second SLM and 

81(,-u) is the repeating pattern on the first SLM, and the 

angle of incidence is such that the Poynting vector of 

the-input light beam incident on the first SLM, and of 

the light beams leaving the second SLM, is in the plane 

of tilt of the director. 

29. The switch of any of claims 17-28 wherein the output 

fibres are secured together in an array by a glue 
0 

containing black pigment to attenuate misaligned light. 

30. The switch of any ofclaims 17-2¯9 wherein the output 

fibres are secured together to form an array and ¯the 

spacing between the fibres of the array is~ occupied by 

interstitial fibres¯ which serve to accept and guide away 

cross talk from the switching zone. 
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REMARKS 

Original Claims 3-10, 13 and 26 have been amended. A "Related Applications" 

paragraph has been added. No new matter has been added. 

Information Disclosure Statement 

An Information Disclosure Statement (if)S) is being filed concurrently herewith to 

cite references from the PCT Search report and references cited in the application. Entry of 

the IDS is respectfully requested. 

CONCLUSION 

Entry of the Preliminary Amendment is respectfully requested. If the Examiner feels 

that a telephone conference would expedite prosecution of this case, the Examiner is invited 

to call the undersigned at (978) 341-0036. 

Respectfully submitted, 

HAMILTON, BROOK, SMITH & REYNOLDS, P.C. 

Timo 
Registration No. 39,30"2 
Telephone: (978) 341-0036 

Facsimile: (978) 341-0136 
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Amendments to the Claims 

Please amend Claims 3-10, 13 and 26. 

versions of the claims in the application: 

The Claim Listing below will replace all prior 

Claim Listing 

(Original) A method of operating an optical device comprising an SLM having a two- 

dimensional array of controllable phase-modulating elements, the method comprising 

delineating groups of individual phase-modulating elements; 

selecting, from stored control data, control data for each group of phase- 

modulating elements; 

generating from the respective selected control data a respective hologram at 

each group of phase-modulating elements; and 

varying the delineation of the groups and/or the selection of control data 

whereby upon illumination of said groups by respective light beams, 

respective emergent light beams from the groups are controllable independently of 

each other. 

(Original) A method of operating an optical device according to clam 1, wherein 

control of said light beams is selected from the group comprising: 

control of direction, control of power, focussing, aberration compensation, 

sampling and beam shaping. 

(Currently Amended) A method of operating an optical device according to claim 1 

[[or 2]], wherein each phase modulating element is responsive to a respective applied 

voltage to provide a corresponding phase shift to emergent light, the method further 

comprising 

controlling said phase-modulating elements of the spatial light modulator to 

provide respective actual holograms derived from the respective generated holograms, 

wherein the controlling step comprises: 

resolving the respective generated holograms modulo 2pi. 
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(Currently Amended) A method of operating an optical device according to claim 1, 

[[2 or 3,]] comprising: 

providing a discrete number of voltages available for application to each phase 

modulating element; 

on the basis of the respective generated holograms, determining the desired 

level of phase modulation at a predetermined point on each phase modulating element 

and choosing for each phase modulating element the available voltage which 

corresponds most closely to the desired level. 

(Currently Amended) A method of operating an optical device according to claim 1, 

[[2 or 3,]] comprising: 

providing a discrete number of voltages available for application to each phase 

modulating element; 

determining a subset of the available voltages which provides the best fit to the 

generated hologram. 

(Currently Amended) A method of operating an optical device according to claim 1 

a~),- p~-eccdii~g claii~, further comprising the step of storing said control data wherein 

the step of storing said control data comprises calculating an initial hologram using a 

desired direction change of a beam of light, applying said initial hologram to a group 

of phase modulating elements, and correcting the initial hologram to obtain an 

improved result. 

o (Currently Amended) A method of operating an optical device according to claim 1 

_1_- _ _1_~ __ t,, ~’~’-,-,~, ’~-~--, further comprising the step of providing sensors for detecting 

temperature change, and performing said varying step in response to the outputs of 

those sensors. 

(Currently Amended) A method of operating an Optical device according to claim 1 

r,,~’..,.’.--~, ’.,,"-,, in which the SLM is integrated on a substrate and has an 

integrated quarter-wave plate whereby it is substantially polarisation insensitive. 
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(Currently Amended) A method of operating an optical device according to claim 1 

,~,,y r,~,~,~,,~; ,~,~,.,, wherein the phase-modulating elements are substantially 

reflective, whereby emergent beams are deflected from the specular reflection 

direction. 

10. (Currently Amended) A method of operating an optical device according to claim 3 

,-,, ,~-~, ,~,,~,,- ~,,-r,~-,~,.-L ,~- ,~,.,,-, 3 comprising, for at least one said group of phase- 

modulating elements, providing control data indicative of two fiolograms to be 

displayed by said group and generating a combined hologram before said resolving 

step. 

11. (Original) An optical device comprising an SLM and a control circuit, the SLM 

having a two-dimensional array of controllable phase-modulating elements and the 

control circuit having a store constructed and arranged to hold plural items of control 

data, the control circuit being constructed and arranged to delineate groups of 

individual phase-modulating elements, to select, from stored control data,, control data 

for each group of phase-modulating elements, and to generate from the respective 

selected control data a respective hologram at each group of phase-modulating 

elements, 

wherein the control circuit is further constructed and arranged to vary the 

delineation of the groups and/or the selection of control data, 

whereby upon illumination of said groups by respective light beams, 

respective emergent light beams from the groups are controllable independently of 

each other. 

12. (Original) An optical device according to claim 1 l, having sensor devices arranged to 

detect light emergent from the SLM, the control circuit being responsive to signals 

from the sensors to vary said delineation and/or said selection. 

13. (Currently Amended) An optical device according to claim 11 [[or 12]], having 

temperature responsive devices constructed and arranged to feed signals indicative of 
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device temperature to said control circuit, whereby said delineation and/or selection is 

varied. 

14. (Original) An optical routing device having at least first and second SLMs and a 

control circuit, the first SLM being disposed to receive respective light beams from an 

input fibre array, and the second SLM being disposed to receive emergent light from 

the first SLM and to provide light to an output fibre array, the first and second SLMs 

each having a respective two-dimensional array of controllable phase-modulating 

elements and the control circuit having a store constructed and arranged to hold plural 

items of control data, the control circuit being constructed and arranged to delineate 

groups of individual phase-modulating elements, to select, from stored control data, 

control data for each group of phase-modulating elements, and to generate from the 

respective selected control data a respective hologram at each group of phase- 

modulating elements, 

wherein the control circuit is further constructed and arranged, to vary the 

delineation of the groups and/or the selection of control data 

whereby upon illumination of said groups by respective light beams, 

respective emergent light beams from the groups are controllable independently of 

each other. 

15. (Original) A device for shaping one or more light beams in which the or each light 

beam is incident upon a respective group ofpixels of a two-dimensional SLM, and the 

pixels of the or each respective group are controlled so that the corresponding beams 

emerging from the SLM are shaped as required. 

16. (Original) An optical device comprising one or more optical inputs at respective 

locations, a diffraction grating constructed and arranged to receive light from the or 

each optical input, a focussing device and a continuous array of phase modulating 

elements, the diffraction grating and the array of phase modulating elements being 

disposed in the focal plane of the focussing device whereby diverging light from a 

single point on the diffraction grating passes via the focussing device to form beams at 

the array of phase modulating elements, the device further comprising one or more 
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optical output at respective locations spatially separate location from the or each 

optical input, whereby the diffraction grating is constructed and arranged to output 

light to the or each optical output. 

17. (Original) A method of filtering light comprising applying a beam of said light to a 

diffraction grating whereby emerging light from the grating is angularly dispersed by 

wavelength, forming respective parallel beams from said emerging light by passing 

the emerging light to a focussing device having the grating at its focal plane, passing 

the respective parallel beams to an SLM at the focal plane of the focussing device, the 

SLM having a two-dimensional array of controllable phase-modulating elements, 

selectively reflecting light from different locations of said SLM and passing said 

reflected light to said focussing device and then to said grating. 

18. (Original) A method according to claim 17 comprising delineating groups of 

individual phase-modulating elements to receive beams of light of differing 

wavelength; 

selecting, from stored control data, control data for each group of phase- 

modulating elements; 

generating from the respective selected control data a respective hologram at 

each group of phase-modulating elements; and 

varying the delineation of the groups and/or the selection of control data. 

19. (Original) An optical add/drop multiplexer having a reflective SLM having a two- 

dimensional array of controllable phase-modulating elements, a diffraction device and 

a focussing device wherein light beams from a common point on the diffraction 

device are mutually parallel when incident upon the SLM, and wherein the SLM 

displays respective holograms at locations of incidence of light to provide emergent 

beams whose direction deviates from the direction of specular reflection. 

20. (Original) A test or monitoring device comprising an SLM having a two-dimensional 

array ofpixels, and operable to cause incident light to emerge in a direction deviating 
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from the specular direction, the device having light sensors at predetermined locations 

arranged to provide signals indicative of said emerging light. 

21. (Original) A test or monitoring device according to claim 20, further comprising 

further sensors arranged to provide signals indicative of light emerging in the specular 

directions. 

22. (Original) A power control device for one or more beams of light in which the or each 

beam is incident on respective groups ofpixels of a two-dimensional SLM, and 

power-control holograms are applied to the respective groups so that the emergent 

beams have power reduced by comparison to the respective incident beams. 

23. (Original) An optical routing module having at least one input and at least two outputs 

and operable to select between the outputs, the module comprising a two dimensional 

SLM having an array of pixels, with circuitry constructed and arranged to display 

holograms on the pixels to route beams of different frequency to respective outputs. 

24. (Original) A routing device having an input and plural outputs, the input constructed 

and arranged to receive a light beam having plural wavelengths, the device comprising 

an oPtical device for selecting the wavelengths of the input beam to appear in the 

outputs, wherein each output may contain any desired set of the plural wavelengths. 

25. (Original) A routing device according to claim 24, wherein the members of the 

desired set may be varied in use. 

26. (Currently Amended) A routing device according to claim 24 [[or 25]], wherein at 

least two of the outputs contain at least one common wavelength. 

27. (Original) A routing device having plural input signals and an output, the output 

constructed and arranged to deliver a signal having plural wavelengths, the device 

comprising a device for combining the wavelengths from the input signals to appear 
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in the output, wherein each input signal may contain any desired set of the plural 

wavelengths of the output. 

28. (Original) A method of filtering light comprising spatially distributing the light by 

wavelength across an array of phase-modulating elements to form plural beams, 

delineating a group of said phase-modulating elements to be aligned with the centre 

frequency of a desired channel whereby the group truncates the beams according to 

wavelength, controlling the group to provide images of the truncated light beams 

incident on the group at a selected output waveguide wherein the original centres of 

the truncated light beams are substantially coincident with the centre of the output 

waveguide. 
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Amendments to the Specification 

Please add the following "Related Applications" paragraph after the Title at page 1, 

line 3: 

RELATED APPLICATIONS 

This application is the U.S. National Stage of International Application No. 

PCT/GB02/04011, filed 2 September 2002, published in English, which application claims 

priority under 35 U.S.C. § 119 or 365 to Great Britain Application No. 0121308.1, filed 

3 September 2001, the entire teachings of the above referenced applications are incorporated 

herein by reference. 
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light beams emergent from the groups are controllable independently of each other. 
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CLAIMS 

I.    A methodof operating an optical device 

5 comprising an SLM having a two-dimensional array of 

controllable phase-modulating elements, the method 

comprising 

delineating groups of individual phase-modulating 

elements; 

10 selecting, from stored control data, control data for 

each group of phase-modulating elements; ’ 

generating from the respective selected control data a 

respective hologram at each group of phase-modulating 

elements; and 

varying the delineation of the groups and /or the 

selection of control data 

whereby upon illumination of said groups by respective 

light beams, respective emergent light beams from the- 

groups are controllable independently of each other. 

2O 

25 

2.    A method~ of operating an optical device according 

to claim I, wherein control of said light beams is selected 

from the group comprising: control of direction, control of 

power, focussing, aberration compensation, sampling and 

beam shaping. 

3O 

3.    A method of operating an optical device according 

to Claim 1 or 2, wherein each phase modulating element is 

responsive to a respective applied voltage to provide a 

correspondin~ phase shift to emergent light, the method 

further comprising 
controlling said phase-modulating elements of the 

spatial light modulator to provide respective actual 
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holograms derived from the respective generated holograms, 

wherein the controlling step comprises: 
resolving the respective generated holograms modulo 

2pi. 

4.    A method of operating an optical device according 

to claim l, 2 or 3, comprising: 
providing a discrete number of voltages available for 

application to each phase modulating element; 

10 on the basis of the respective generated holograms, 

determining the desired level of phase modulation at a 

predetermined point on each phase modulating element and 

choosing for each phase modulating element the available 

voltage which corresponds most closely to the desired. 

15 level. 

2O 

5.    A method of operating an optical device according 

to claim 1,2 or 3, comprising: 
providing a discrete number of voltages available for 

application to each phase modulating element; 

determining a subsetof the available voltages which 

provides the best fit to the generated hologram 

6.    A method of operating an optical device according 

25 to any preceding claim, further comprising the step of 

storing said control data wherein the step of storing said 

control data comprises calculating an initial hologram 

using a desired direction change of,a beam of light, 

applying said initial hologram to a group of phase 
30 modulating elements, and correcting the initial hologram to 

obtain an improved result. 
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7.    A method of operating an optical device according 

to. any preceding claim, further comprising the step of 

providing sensors for detecting temperature change, a~d 

performing said varying step in response to the outputs of 

those sensors. 

I0 

8.    A method of operating an optical device according 

to any preceding claim, in which the SLM is integrated on a 

substrate and has an integrated quarter-w~ve plate whereby 
it is substantially polarisation insensitive. 

15 

9.    A method of operating an optical device according 

to any preceding claim,~wherein the phase-modulating 

elements are substantially reflective, whereby emergent 

beams are deflected from the specular reflection direction. 

20 

i0. A method of operating an optical device according 

to Claim 3 or any claim dependent on claim 3 comprising, 

for at least one said group of phase-modulating elements, 

providing control data indicative of two holograms to be 

displayed by said group and generating a combined hologram 

before said resolving step. 

II. An optical device comprising an SLM and a control 

25 circuit, the SLM having a two-dimensional array of 

controllable phase-modulating elements and the control 

circuit having a store constructed and arranged to hold 

plural items of control data, the control circuit being 

constructed and arranged to delineate groups of individual 

30 phase-modulating elements, to select, from stored control 

data, control data for each group of phase-modulating 

elements, and ’to generate from the respective selected 
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control data a respective hologram at each group of phase- 

modulating elements, 

wherein the control circuit is further constructed and 

arranged to vary the delineation of the groups and /or the 

selection of control data, 
whereby upon illumination of said groups by respective 

light beams, respective emergent light beams from the 

groups are controllable independently of each other. 

12. An optical device according to claim Ii, having 

sensor devices arranged to detect light emergent from the 

SLM, the control circuit being~responsive to signals from 

the sensors to vary said delineation and/ ~or said 

selection. 

13. An optical device according to claim ii or 12, 

having temperature responsive devices constructed and 

arranged to feed signals indicative of device temperature 

to said control circuit, whereby said delineation and/ or 

selection is varied. 

25 

3O 

14. An optical routing device having at least first 

and second SLMs and a control circuit, the first SLM being 

disposed to receive respective light beams from an input 

fibre array, and the second SLM being disposed to receive 

emergent light from the first SLM and to provide light to 

an output fibre array, the first and second SLMs each 

having a respective two-dimensional array of controllable 

phase-modulating elements and the control circuit having a 

store constructed and arranged to hold plural items of 

control data, the control circuit being constructed and 

arranged to delineate groups of individual phase-modulating 
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elements, to select, from stored control data, control data 

for each group of phase~modulating elements, and to 

generate from the respective selected conirol data a 

respective hologram at each group of phase-modulating 

elements, 

wherein the control circuit is further constructed and 

arranged, to vary the delineation of the groups and /or the 

selection of control data 

whereby upon illumination of said groups by respective 

light beams, respective emergent light beams from the 

groups are controllable independently of each other. 

15. A device for shaping one or more light beams in 

which the or each light beam is incident upon a~respective 

group of pixels of a two-dimensional SLM, and the pixels of 

the or each respective group are controlled so that the 

corresponding beams emerging from’the SLM are shaped as 

required. 

20 16. An optical device comprising one or more optical 

inputs at respective locations, a diffraction grating 
constructed and arranged to receive light from the or each 

optica! input, a focussing device and a ~continuous array of 

phase modulating elements, the diffraction grating and the 

25 array of phase modulating elements being disposed in the 

focal plane of the focussing device whereby diverging light 

from a single point on the diffraction grating passes via 

the focussing device to form beams at the array of phase 

modulating elements, the device further comprising one or 

30 more optical output at respective locations spatially 

separate location from the or each optical input, whereby 
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the diffraction grating is constructed and arranged to 

output light to the or each optical output. 

17. A method of filtering light comprising applying a 

beamof said light to a diffraction~grating whereby 

emerging light from the grating is angularly dispersed by 

wavelength, forming respective parallel beams from said 

emerging light by passing the emerging light to a focussing 

device having the grating at its focal plane, passing the 

respective parallel beams to an SLM at the focal plane of 

the focussing device, the SLM having a two-dimensional 

array of controllable phase-modulating elements, 

selectively reflecting light from different locations of 

said SLM and passing said reflected light to said focussing 

device and then to said grating. 

18. A method according to claim 17 comprising 

delineating groups of individual phase-modulating elements 

to receive beams of light of differing wavelength; 

20 selecting, from stored control data, control data for 

each group of phase-modulating elements; 

generating from the respective selected control data a 

respective hologram at each group of phase-modulating 

elements; and 

25 varying the delineation of the groups and /or the 

selection of control data. 

3O 

19. An optical add/drop multiplexer having a 

reflective SLM having a two-dimensional array of 

controllable phase-modulating elements, a diffraction 

device and a focussing device wherein light beams from a 

common point on the diffraction device are mutually 
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parallel when incident upon.the SLM, and wherein the SLM 

displays respective holograms at locations of incidence of 

light to provide emergent beams whose direction deviates 

from the direction of specular reflection. 

.20. A test or monitoring device comprising an SLM 

having a two-dimensional array of pixels, and operable to 

cause incident light to emerge in a direction deviating 

from the specular direction, the device having light 

sensors at predetermined locations arranged to provide 

signals indicative of Said emerging light. 

15 

21. A test or monitoring device according to claim 

20, further comprising further sensors arranged to provide 

signals indicative of light emerging in the specular 

directions. 

2O 

22. A power control device for one or more beams of 

light in which the or each beam is incident on respective 

groups of pixels of a two-dimensional SLM, and power- 

control holograms are applied to the respective groups so 

that the emergent beams have power reduced by comparison to 

the respective incident beams. 

25 

30 

23. An optical routing module having at least one 

input and at least two outputs and operable to select 

between the outputs, the module comprising a two 

dimensional SLM having an array of pixels, with circuitry 

constructed and arranged to display holograms on the pixels 

to route beams of different frequency to respective 

outputs. 
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24. A routing device having an input and plural 

outputs, the input constructed and~arranged to receive a 

light beam having plural wavelengths, the device comprising 

an optical ~evice for selecting the wavelengths of the 

input beam to appear in the outputs, wherein each output 

may contain any desired set of the plural wavelengths. 

25. A routing device according to claim 24, wherein 

the members of the desired set may be varied in use. 

26. A routing device according to claim 24 or 25, 

wherein at least two of the outputs contain at least one 

common wavelength. 

15 27. A routing device having plural input signals and 

an output, the output constructed and arranged to deliver a 

signal having plural wav~lengths, the device comprising a 

device for combining the wavelengths from the input signals 

to appear in the output, wherein each input signal’ may 

20 contain any desired set of the plural wavelengths of the 

output. 

28. A method of filtering light comprising spatially 

distributing the light by wavelength across an array of 

~ phase-modulating elements to form plural beams, delineating 

a group of said phase-modulating elements to be aligned 

mith the centre frequency of a desired channel whereby the 

group truncates the beams according to wavelength, 

controlling the group to provide images of the truncated 

30 light beams incident on the group at a selected output 

waveguide wherein the original centres of the truncated 
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light beams are substantially coincident with the centre of 

the output waveguide. 

10 

15 

20 

25 

3o 

35 
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tO 

15 

Field of the invention 

The present invention relates to an optical device and 

to a method of controlling an optical device. 

More particularly but not exclusively the invention 

relates to the general field of controlling one or more 

light beams by the use of electronically controlled 

devices. The field ofapplication is mainly envisaged as 

being to fields in which reconfiguration between inputs and 

outputs is likely, and stability of performance is a 

significant requirement. 

Background of the invention 

20 

It has previously been proposed to use so-called 

spatial light modulators to control ,the routing of light 

beams within an optical system, for instance from selected 

ones of a number of input optical fibres to selected ones 

of output fibres. 

optical systems are subject to performance impairments 

25 resulting from aberrations, phase distortions and component 

misalignment. An example is a multiway fibre connector, 

which although conceptually simple can often be a critical 

source of system failure or insertion loss due to the very 

tight alignment tolerances for optical fibres, especially 

30 for single-mode optical fibres. Every time a fibre 

connector is connected, it may provide a different 

alignment error. Another example is an optical switch in 
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which aberrations, phase distortions and component 

misalignments result in poor optical coupling efficiency 

into the intended output optical fibres. This in turn may 

lead to high insertion loss. The aberrated propagating 

waves may diffract into intensity fluctuations creating 

significant unwanted coupling of light into other output 

optical fibres, leading to levels of crosstalk that impede 

operation. In some cases, particularly where long path 

lengths are involved, the component misalignment may occur 

due to ageing or temperature effects. 

Some prior systems seek to meet such problems by use 

of expensive components. For example in a communications 

context, known free-space wavelength multiplexers and 

demultiplexers use expensive thermally stable opto- 

mechanics to cope with the problems associated with long 

path lengths. 

Certain optical systems have a requirement for 

20 reconfigurability. Such reconfigurable systems include 

optical switches, add/drop multiplexers and other optical 

routing systems where the mapping of signals from input 

ports to output ports is dynamic. In such systems the 

path-dependent losses, a~errations and phase distortions 

25 encountered by optical beams may vary from beam to beam 

according to the route taken by the beam through the 

system. Therefore the path-dependent loss, aberrations and 

phase distortions may vary for each input beam or as a 

function of the required output port. 

3O 
The prior art does not adequately address this 

situation. 
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Other optical systems are static in terms of 

input/output configuration. In such systems, effects such 

as assembly errors, manufacturing tolerances in the optics 

and also changes in the system behaviour due to temperature 

and ageing, create the desirability for dynamic direction 

control, aberration correction,phase distortion 

compensation or misalignment compensation. 

I0 

15 

It should be noted that the features of dynamic 

direction control, phase distortion compensation and 

misalignment control are not restricted to systems using 

input beams coming from optical fibres. Such features may 

also be advantageous in a reconfigurable optical system. 

Another static system in which dynamic control of phase 

distortion, direction and (relative) misalignment would be :~ 

advantageous is one in which the quality and/or position of 

the input beams is time-varying. 

20 Often the input and output beams for optical systems 

contain a multiplex of many optical signals at different 

wavelengths, and these signals may need to be separated and 

adaptively and individually processed inside the system. 

Sometimes, although the met aim of a system is not to 

25 separate optical signals according to their wavelength and 

then treat them separately, to do so increases the 

wavelength range of the system as a whole. Where this 

separation is effected, it is often advantageous for the 

device used to route each channel to have a low insertion 

3O loss and to operate quickly. 
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It is an aim of some aspects of the present invention 

at least partly to mitigate difficulties of the prior art. 

It is desirable for certain applications that a method 

or device for addressing these issues should be 

polarisgtion_independent, or have low polarisation- 

dependence. 

SLMs have been proposed for use as adaptive optical 

l0 components in the field of astronomical d~vices, for 

example as wavefront correctors. In this field of 

activity, the constraints are different to the present 

field - for example in communication and like devices, the 

need for consistent performance is paramount if data is to 

15 be passed without errors. Communication and like devices 

are desirably inexpensive, and desirably inhabit and 

successfully operate in environments that are not closely 

controlled. By contrast, astronomical devices may be used 

in conditions more akin to laboratory conditions, and cost 

20 constraints are less pressing. Astronomical devices are 

unlikely to need to select successive routings of light 

within a system, and variations in performance may be 

acceptable. 

25 

3O 

Summary of the invention 

According to a first aspect of the invention, there is 

provided a method of operating an optical device comprising 

an SLM having a two-dimensional array of controllable 

phase-modulating elements, the method comprising 

delineating groups of individual phase-modulating 

elements; 
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selecting, from stored control data, control data for 

each group of phase-modulating elements; 
generating from the respective ~elected control data 

/respective hologram at each group of phase-modulating~ 

elements; and 
varying the delineation of the groups and /or the 

seiection of control data whereby upon illumination of said 

groupsby respective light beams, respective emergent light 

beams from the groups are controllable independently of 

I0 each other. 

15 

In some embodiments, the variation of the delineation 
and /or control data selection is in response to a signal 

or signals indicating a non-optimal performance of the 

device. In other embodiments, the variation is performed 

during a set up or training phase of the device. In yet 

other embodiments~ the variation is in response to an 

operating signal, for example a signal giving the result of 

sensing non-performance system parameters such as 

20 temperature. 

25 

An advantage of the method of this aspect of the 

invention is that stable operation can be achieved in the 

presence of effects such as ageing, temperature, component, 

change of path through the system and assembly tolerances. 

Preferably, control of said light beams is selected 

from the group comprising: control of direction, control of 

power, focussing, aberration compensation, sampling and 

30 beam shaping. 
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Clearly in most situations more than one of these 

control types will be needed - for example in a routing 

device (such as a switch, filter or add/drop multiplexer) 

primary changes 0f direction are likely to be needed to 

cope with changes of routing as part of the main system but 

secondary correction will be needed to cope with effects 

such as temperature and ageing. Additionally such systems 

may also need to control power, and to allow sampling (both 

of which may in some cases be achieved by direction 

10 changes). 

Advantageously, each phase modulating element is 

responsive to a respective applied voltageto provide a 

corresponding phase shift to emergent light, and the method 

15 further comprises; 
controlling said phase-modulating elements of the 

spatial light modulator to provide respective actual 

holograms derived from the respective generated holograms, 

wherein the controlling step comprises; 

20 resolving the respective generated holograms modulo 

2pi. 

25 

30 

The preferred SLM uses a liquid crystal material to 

provide phase shift and the liquid crystal material is not 

capable of large phase shifts beyond plus or minus 2 pi. 

Some liquid crystal materials can only provide a smaller 

range of phase shifts, and if such materials are used, the 

resolution of the generated hologram is correspondingly 

smaller. 

Preferably the method comprises: 

TS0000672 



I0 

15 

V¢O 03/021341 
PCT/GB02/04011 

-7- 

providing a discrete number of voltages available for 

application to each phase modulating element; 

on the basis of the respective generated holograms, 

determining the desired level of phase modulation at a 

predetermined point on each phase modulating element and 

choosing for each phase modulating element the available 

voltage which corresponds most closely to the desired 

level. 

Where a digital control device is used, the resolution 

of the digital signal does not provide a continuous 

spectrum of available voltages. One wayof coping with 

this is to determine the desired modulation for each pixel 

and to choose the individual voltage which will provide the 

closest modulation to the desired level. 

2O 

25 

In another embodiment, the method comprises: 

providing a discrete number-of voltages available for 

application to each phase modulating element; 
determining a subset of the available voltages which 

provides the best fit to the generated hologram. 

Another technique is to look at the pixels of the 

group as a whole and to select from the available voltages 

those that give rise to the nearest phase modulation across 

the whole group. 

3O 

Advantageously, the method further comprises the step 

of storing said control data wherein the step of storing 

said control data comprises calculating an initial hologram 

using a desired direction change of a beam of light, 

ipplying said initial hologram to a group of phase 
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modulating elements, and correcting the initial hologram to 

obtain an improved result. 

The method may further comprise the step of providing 

sensors for detecting temperature change, and performing 

said varying step in ~esponse to the outputs of those 

sensors. 

The SLM may be integrated on a substrate and have an 

integral quarter-wave plate whereby it is substantially 

polarisation insensitive. 

Preferably the phase-modulating elements are 

substantially reflective, whereby emergent beams are 

deflected from the specular reflection direction. 

In some aspects, for at least one said group of 

pixels, the method comprises providing control data 

indicative of two holograms to be displayed by said group 

and generating a combined hologram before said resolving 

step. 

According to a second aspect of the invention there is 

provided an optical device comprising an SLM and a control 

25 circuit, the SLM having a two-dimensional array of 

controllable phase-modulating elements and the control 

circuit having a store constructed and arranged to hold 

plural items of control data, the control circuit being 
constructed and arranged to delineate groups-of individual 

30 phase-modulating elements, to select, from stored control 

data, control data for each group of phase-modulating 

elements, and to generate from the respective selected 
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control data a respective hologram at each group of phase- 

modulating elements, 

wherein the control circuit is further constructed and 
arranged, to vary the delineation of the groups and/or the 

selection ofcontrol data 
whereby upon illumination of said groups by respective 

light beams, respective emergent light beams from the 

groups are controllable independently of each other. 

An advantage of the device of this aspect of the 

invention is that stable operation can be achieved in the 

presence of effects such as ageing, temperature, component 
and assembly tolerances. Embodiments of the device can 

handle many light beams simultaneously. Embodiments can be 

wholly reconfigurable, for example compensating differently 
for a number of routing configurations- 

2O 

Preferably, the optical device has sensor devices 

¯    t arranged to detect light emergen from the SLM, the control 

circuit being responsive to signals from the sensors to 

vary said delineation and/or said selection. 

25 

3O 

In some embodiments, the optical device has 

temperature responsive devices constructed and arranged to 

feed signals indicative of device temperature to said 

control circuit, whereby said delineation and/or selection 

is varied. 

In another aspect, the invention provides an optical 

routing device having at least first and second SLMs and a 

control circuit, the first SLM being disposed to receive 

respective light beams from an input fibre array, and the 
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second SLM being disposed to receive emergent light from 

the first SLM and to provide light to an output fibre 

array, the first and second SLMs each having a respective 

two-dimensionalarray of controllable phase-modulating 

5 elements and the control circuit having a store constructed 

and arranged to hold plural items of control data, the 
control circuit being constructed and arranged to delineate 

groups of individual phase-modulating elements, to Select, 
from stored control data, control data for each group of 

I0 phase-modulating elements, and to generate fro~ the 

respective selected control data a respective hologram at 

each group of phase-modulating elements, 
wherein the control circuit is further constructed and 

arranged, to vary the delineation of the groups and /or the 

15 selection of control data 
whereby upon illumination of said groups by respective 

light beams, respective emergentlight beams fromthe 
groups are controllable independentlyof each other. 

2O 

25 

In a further aspect, the invention provides a device 

for shaping one or more light beams in which the or each 

light beam is incident upon a respective group of pixels of 

a two-dimensional SLM, and the pixels of the or each 

respective group are controlled so that the corresponding 

beams emerging from the SLM are shaped as required. 

3O 

According to a further aspect of the invention there 

is provided an optical device comprising one or more 

optical inputs at respective locations, a diffraction 

grating constructed and arranged to receive light from the 

or each optical input, a focussing device and a continuous 

array of phase modulating elements, the diffraction grating 
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and the array of phase modulating elements being disposed 

in the focal plane of the focussing device whereby 

diverging.light from a single point on the diffraction 

grating passes via the focussing device to form beams at 

the array of phase modulating elements, the device further 

Comprising one or more optical output, at respective 

locations spatially separate from the or each optical 

input, whereby the diffraction grating is constructed and 

arranged to output light to the or each optical output. 

This device allows multiwavelength input light to be 

distributed in Wavelength terms across different groups of 

phase-modulating elements. This allows different 

processing effects to be applied to any desired part or 

parts of the spectrum. 

According to a still further aspect of the i~vention 

there is provided a method of filtering light comprising 

applying a beam of said light to a diffraction grating 

whereby emerging light from the grating is angularly 

dispersed by waveiength, forming respective beams from said 

emerging light by passing the emerging light to a focussing 

device having the grating at its focal plane, passing the 

respective beams to an SLM at the focalplane of the 

focussing device, the SLM having a two-dimensional array of 

controllable phase-modulating elements, selectively 

reflecting light from different locations of said SLM and 

passing said reflected light to said focussing element and 

then to said grating. 
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Preferably the method comprises delineating groups of 

individual phase-modulating elements to receive beams of 

light of differing wavelength; 
selecting, from stored control data, control data for 

each group of phase-modulating elements; 
generating from the respective selected control data a 

respeCtive hologram at each group of phase-modulating 

elements; and 
varying the delineation of the groups and /or the 

selection of control data. 

According to a still further aspect of the invention 

there is provided an optical add/drop multiplexer having a 

reflective SLM having a two-dimensional array of 

15 controllable phase-modulating elements, a diffraction 

device and a focussing device wherein light beams from a 

common point on the diffraction device are mutually 

parallel when incident upon the SLM, and wherein the SLM 

displays respective holograms at locations of incidence of 

20 light to provide emergent beams whose direction deviates 

from the direction of specular reflection. 

25 

3O 

In a yet further aspect, the invention provides a test 

or monitoring device comprising an SLM having a two- 

dimensional array of pixels, and operable to cause incident 

light to emerge in a direction deviating from the specular 

direction, the device having light sensors at predetermined 

locations arranged to provide signals indicative"of said 

emerging light. 
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The test or monitoring device may further comprise 

further sensors arranged to provide signals indicative of 

light emerging in the specular directions. 

Yet a further aspect of the invention relates to a 

power control device for one or morebeams of lights in 
which the said beams are incident on respective groups of 

pixels of a two-dimensional SLM, and holograms are applied 

to the respective group so that the emergent beams have 

power reduced by comparison to the respective incident 

beams. 

The invention further relates to an optical routing 

module having at least one input and at least two outputs 

and operable to select between the outputs, the module 

comprising a two dimensional SLM having an array of pixels, 

with circuihry constructed and arranged to display 

holograms on the pixels to route beams of different 

frequency to respective outputs. 

According to a later aspect of the invention there is 

provided an optoelectronic device comprising an integrated 

multiple phase spatial light modulator (SLM) having a 

plurality o~ pixels, wherein each pixel can phase modulate 

light by a phase shift having an upper and a lower limit, 

and wherein each pixel has an input and is responsive to a 

value at said input to provide a phase modulation 

determined by said value, and a controller for the SLM, 

wherein the controller has a control input receiving data 

indicative .of a desired phase modulation characteristic 

across an array of said pixels for achieving a desired 

control of light incident on said array, the controller has 
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outputs to each pixel, each output being capable of 

assuming only a discrete number of possible values, and the 

controller comprises a process6r constructed and arranged 

to derive,.~from said desired phase modulation 

characteristic, a non-monotonic phase modulation not 

extending outside said upper and lower limits, and a switch 

constructed and arranged to select between the possible 

values to provide a respective one value at each output 

whereby the SLM provides said non-m~notonic phase 

modulation. 

15 

2O 

25 

Some or all of the circuitry may be on-chip leading to 

built-in intelligence. This leads to more compact and 

ultimately low-cost devices. In some embodiments, some or 

all on-chip circuitry may operate in parallel for each 

pixel which may provide huge time advantages; in any event 

the avoidance of the need to £ransfer data off chip and 

thereafter to read in to a computer allows configuration 

and reconfiguration to be faster. 

According to another aspect of the invention there is 

provided a method of controlling a light beam using a 

spatial light modulator (SLM) having an array of pixels, 

the method comprising: 
determining a desired phase modulation characteristic 

across a sub-array of said pixels for achieving the desired 

control of said beam; 
controlling said pixels to provide a phase modulation 

derived from the desired phase modulation, wherein the 

30 controlling step comprises 
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providing a population of available phase modulation 

levels for each pixel, said population comprising a 

discrete number of said phase modulation levels; 

on the basis of the desired phase modulation, a level 

selecting step of selecting for each pixel a respective one 

of said phase modulation levels; and 

causing each said pixel to provide the respective one 

of said phase modulation levels. 

The SLM may be a multiple phase liquid crystal over 

silicon spatial light modulator having plural pixels, of a 

type having an integrated wave plate and a reflective 

element, such that successive passes of a beam through the 

liquid crystal subject each orthogonally polarised 

component to a substantially similar electrically-set phase 

change. 

If a non-integrated wave plate is used instead, a beam 

after reflection and passage through the external wave 

plate will not pass through the same zone of the SLM, 

unless it is following the.input path, in which case the 

zero order component of said beam will re-enter the input 

fibre. 

The use of the wave plate and the successive pass 

architectur~ allows the SLM to be substantially 

polarisation independent. 

In one embodiment the desired phase modulation at 

least includes a linear component. 
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Linear phase modulation, or an approximation to linear 

phase modulation may be used to route a beam of light, i.e. 

to select a new direction of propagation for the beam. In 

many routing applications, two SLMs are used in series, and 

the displayed information on the one has the inverse effect 

to the informati0n-displayed on the other.. Since the 

information represents phase change data, it may be 

regarded as a hologram. Hence an output SLM may display a 

hologram that is the inverse of that displayed on the input 

SLM. Routing may also be ~one-to-many" (i.e. multicasting) 

or ~one-to-all" (i.e. broadcasting) rather than the more 

usual one-to-one in many routing devices. This may be 

achieved by correct selection of the relevant ho!ograms. 

15 Preferably the linear modulation is resolved modulo 

to provide a periodic ramp. 

2O 

In another embodiment the desired phase modulation 

includes a non-linear component. 

Preferably the method further comprises selecting, 

from said array of pixels, a sub-array of pixels for 

incidence by said light beam. 

25 The size of a selected sub-array may vary from switch 

to switch according to the physical size of the switch and 

of the pixels. However, a t~ical routing device may have 

pixel arrays of between i00 x I00 and 200 x 200, and other 

devices such as add/drop multiplexers may have arrays of 

30 between I0 x I0 and 50 x 50. Square arrays ar~ not 

essential. 
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In one embodiment the level-selecting step comprises 

determining the desired level of phase modulation at a 

predetermined point on each pixel and choosing for each 

pixel, the available level which corresponds most closely 

5 to the desired level. 

25 

15 

2O 

I0 

In another embodiment, the level-selecting step 

comprises determining a subset of the available levelS, 

which provides the best fit to the desired characteristic. 

The subset may comprise a subset of possible levels 

for each pixel. 

Alternatively the subset may comprise a set of level 

distributions, each having a particular level for each 

In one embodiment, the causing step includes providing 

arespective voltage to an electrode of eadh pixel, wherein 

said electrode extends across substantially the whole of 

the pixel. 

Preferably again the level selecting step comprises 

selecting the level by a modulo 2pi comparison with the 

desired phase modulation. The actual phase excursion may 

be from A to A+2pi where A is an a~bitrary angle. 

Preferably the step of determining the desired phase 

modulation comprises calculating a direction change of a 

30 beam of light. 
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Conveniently, after the step of calculating a 

direction change, the step of determining the desired phase. 

modulation further comprises correct±ng the phase 

modulation obtained from the calculating step to obtain an 

5 improved result. 

Advantageously, the correction step is retroactive- 

i0 

15 

2O 

25 

3O 

In another embodiment the step of determining the 

desired phase modulation is retroactive, whereby parameters 

of the phase modulation are varied in response to a sensed 

error to reduce the error. 

A first class of embodiments relates to the 
simulation/synthesis of generaliy corrective elements. 

some members of the first class, the method of the 
invention is performed to provide a device, referred to 

hereinafter as an accommodation element for altering the 

In 

focus of the light beam. 

An example of an accommodation element is a lens. An 

accommodation element may also be an anti-astigmatic 

device, for instance comprising the superposition of two 

cylindrical lenses at arbitrary orientations. 

In other members of the first class, the method of the 
invention is performed to provide an aberration correction 

device for correcting greater than quadratic aberrations- 

The sub-arraY selecting step may assign a sub-array of 

pixels to a beam based on the predicted path of the beam as 

it approaches the SLM just prior to incidence. 
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Advantageously, after the sub-array is assigned using 

the predicted path, it is determined whether the assignment 

is correct, and if not a different sub-array is assigned. 

I0 

15 

2o 

25 

3O 

The assignment mayneed to be varied in the event of 

temperature, ageing or other physica! changes. The sub- 

array selection is limited in resolution only by the pixel 

size. By contrast other array devices such as MEMS have 

fixed physical edges to their beam steering elements. 

An element of this type may be used in a routing 

device to compensate for aberrations, phase distortions and 

component misalignment in the system. By providing sensing 

devices a controller may be used to retroactively control 

the element and the element may maintain an optimum 

performance of the system.                                        .- 

In one embodiment of this first class, the method 
includes both causing the SLM to route a beam and causing 

the SLM to emulate a corrective element to correct for 
errors, whereby the SLM receives a discrete approximation 

of the combination of both a linear phase modulation 

applied to it to route the beam and a non-linear phase 

modulation for said corrections. 

Synthesising a lens using an SLM can be used to change 

the position of the beam focused spot and therefore correct 

for a position error or manufacturing tolerance in one or 

more other lenses or reflective (as opposed to 

transmissive) optica~ elements such as a curved mirror. 
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The method of the invention may be used to correct for 

aberrations such as field curvature in which the output 

’plane’ of the image(s) from an optical system is curved, 

rather than flat. 

In another embodiment of the first class,, intelligence 

may be integrated with sensors that detect the temperature 

changes and apply data from a look-up table to apply 

corrections. 

In yet another embodiment of this class, misalignment 

and focus errors are detected by measuring the power 

coupled into strategically placed sensing devices, such as 

photodiode arrays, monitor fibres or a wavefront sensor. 

15 Compensating holograms are formed as a result of the 

discrete approximations of the non-linear modulation. 

Changes or adjustments may then be made to these hologram~, 

for example by applying a stimulus and then correcting the 

holograms according to the sensed response until the system 

20 alignment is measured to be optimised. 

25 

In embodiments where the method provides routing 

functions by approximated linear modulation, adaptation of 
non-linear modulation due to changes in the path taken 

through the system desirably takes place on a timescale 

equivalent to that required to change the hologram routing, 

i.e. of the order of milliseconds. 

3O 

A control algorithm may.use one or more of several 

types of compensation- 
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In one embodiment a look-up table is used with pre- 

calculated ’expected’ values of the compensation taking 

account of the different routes through the system. 

In another embodiment the system is trained before 

first being operated, by repeated changes of, or 

adjustments to, the compensating holograms to learn how the 

system is misaligned. 

10 A further embodiment employs intelligence attached to 

the monitor fibres for monitoring and calculation of how 

these compensating holograms should adapt with time to 

accommodate changes in the system alignment. This is 

achieved in some embodiments by integrating circuitry 

15 components into the silicon backplane of the SLM. 

I~ many optical systems there is a need to control an’d 

adapt the power or shape of an optical beam as well as its 

direction or route through the optical system. In 

20 communications applications, power control is required for 

network management reasons. In general, optical systems 

require the levelling out or compensation for path and 

wavelength-dependent losses inside the optical system. It 

is usually desirable that power control should not 

25 introduce or accentuate other performance impairments. 

3O 

Thus in a second class of embodiments, the modulation 

applied is modified for controlling the attenuation of an 

optical channel subjected to the SLM. 

In one particular embodiment, ~he ideal value of phase 

modulation is calculated for every pixel, and then 
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multiplied by a coefficient.having a value between 0 and I, 

selected according to the desired attenuation and the 

result is compared to the closest available phase level to 

provide the value applied to the pixels. 

In another embodiment, the method further comprises 

selecting by a discrete approximation to a linear phase 

modulation, a routing hologram for display by the SLM 

whereby the beams may be correctly routed; selecting by a 

discrete approximation to a non-linear phase modulation, a 

further hologram for separating each beam into main and 

subsidiary beams, wherein the main-beam is routed through 

the system and the or each subsidiary beam is diffracted 

out of the system; combining the routing and further 

holograms together to provide a resultant hologram~ and 

causing the SLM to provide the resultant hologram. 

The non-linear phase modulation may be oscillatory. 

20 In yet another embodiment, the method further 

comprises selecting by a discrete approximation toa linear 

phase modulation, a routing hologram for display by the SLM 

whereby the beams may be correctly routed; selecting by a 

discrete approximation to a non-linear phase moduiation, a 

25 further hologram for separating each beam into main and 

subsidiary beams, wherein the main beam is routed through 

the system and at least one subsidiary beam is incident on 

an output at an angle such that its contribution is 

insignificant; combining the routing and further holograms 

30 together to provide resultant hologram; and causingthe SLM 

to display the resultant hologram.- 
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The non-linear phase modulation may be oscillatory. 

In a closely allied class of embodiments, light may be 

selectively routed to a sensor device for monitoring the 

light in the system. The technique used may be a power 

control technique in which light diverted from.the beam 

transmitted through the system to reduce its magnitude is 

made incident on the sensor device. 

I0 

15 

In another class of embodiments, a non-linear phase 

modulation profile is selected to provide beam shaping, for 

example so as to reduce cross-talk effects due to width 

clipping. This may use a pseudo amplitude modulation 

technique. 

In a further class of embodiments, the method uses a 

non-linear modulation profile chosen to provide wavelength 

dependent effects. 

20 The light may be at a telecommunications wavelength, 

for example 850 nm, 1300 nm or in the range 1530 nm to 1620 

nm. 

Brief description of the drawings 

25 Exemplary embodiments of the invention will now be 

described with reference to the accompanying drawings in 

which: 

Figure I shows a cross-sectional view through an 

exemplary SLM suitable for use in the invention;- 

30 Figure 2 shows a sketch of a routing device in which a 

routing SLM is used additionally to provide correction for 

performance impairment due to misalignment; 
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Figure 3 shows a sketchof a routing device in which a 

routing SLM is used to route light beams and an additional 

SLM provides correction for performance impairment due to 

misalignment; 
Figure 4 shows a block diagram of an adaptive 

corrective SLM; 
Figure 5 shows an adaptiv~ optical system using three 

SLMs; 
Figure 6 shows a parti~l block diagram of a routing 

device with a dual function SLM and control arrangements; 

~ :Fibre 7 shows a block diagram of an SLM for 

controlling the power transferred in anoptical system; 

Figure 8a shows a diagram of phase change distribution 

applied by a ho!ogram for minimum attenuation; 
Figure 8b shows a diagram of phase change’distribution 

applied by a hologram enabling attenuation of the signal; 

Figure 9 shows a power control system; 

Figure i0 shows a phasor diagram showing the effect of 

non-linear oscillatory phase modulation applied to adjacent 

pixels; 
Figure ii shows a schematic diagram of a part of an 

optical routing system illustrating the effects of clipping 

and cross talk; 

Figure 12 shows a partial block diagram of a system 

enabling beams of different wavelength from a composite 

input beam to be separately controlled before 

recombination; and 

Figure 13 shows a schematic diagram of an add/drop 

multiplexer using an SLM. 

Figure 14 is a diagram similar to Figure 12 but 

showing a magnification stage for increasing the effective 

beam deflection angle; 
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Figure 15 shows a vector diagram of the operation of 

an add/drop multiplexer; 
Figure 16 shows a block diagram showing how loop back 

may be effected; 
Figure 17 is a vector diagram illustrating the 

operation of part of Figure I~; 
Figure 18 is. a vector diagram of a multi-input/multi 

output architecture; 
Figure 19 is a graph showing the relative transmission 

Tlo for in-band wavelengths as a function of the ratio of 

the wavelength offset u to centre of the wavelength channel 

separation; 
Figure 20 is a graph showing the relative transmission 

Thi inside ~djacent channels; 
Figure 21 shows a logical diagram of the sorting 

function; 
Fign!re 22 shows a block diagram of an add/drop node 

using two routing modules; 
Figure 23 shows a block diagram of modules used to 

cross-connect two rings; 
Figure 24 shows a block diagram of routing modules 

connected to provide expansion; 
Figure 25 shows a block diagram of an optical cross- 

connect; 
Figure 26-shows a block diagram of an upgrades node 

having a cascaded module at an expansion output port; 

Figure 27 is a graph showing the effect of finite 

hologram size of the field of a beam incident on a 

hologram; 
Figure 28 shows a schematic layout of a wavelength 

filter device; and, 
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Figure 29 shows a schematic layout of an add/drop 

device; 
Figure 30 shows a block diagram of an optical test 

set; 

Figure 31 is a diagram showing the effect of finite 

hologram size on a beam at a wavelength differenh to the 

centre wavelength associated with the hologram; 
Figure 32 shows the truncated beam shapes for 

wavelengths at various wavelength differences from the 

I0 centre of the wavelength channe! dropped in isolation; 

Figure 33 shows the overlap integrands of the beams of 

Figure 32 with the fundamental mode of the fibre; 

Figure 34 shows beam output positions for different 

wavelengths with respect to two optical fibres; and 

15 Figure 35 shows the overlap integrand between the 

beams of Figure 34 and the fundamental mode of one of the 

optical fibres. 

2O 

25 

3O 

Description of the preferred embodiments 

Many o£ the embodiments of the invention centre upon 

the realisation that the problems of the prior art can be 

solved by using a reflective SLM having a two-dimensional 

array of phase-modulating elements that. is large in number, 

and applying a number of light beams to groups of those 

phase-modulating elements. A significant feature of these 

embodiments is the fact that the size, shape and position 

of those groups need not be fixed and can, if need be, be 

varied. The groups may display holograms which can be set 

up as required to deflect the light so as to provide a non- 

specular reflection.at a controllable angle to the specular 

reflection direction. The holograms may additionally or 

alternatively provide shaping of the beam. 
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The SLM may thus simulate a set of highly flexible 

mirrors, one for each beam of light. The size, shape and 

position of each mirror can be changed, as can the 

deflection and the simulated degree of curvature. 

I0 

Devices embodying the invention act on light beams 

incident on the device to provide emerging light beams 

which are controlled independently of one another. 

Possible types of control include control of direction, 

control of power, focussing, aberration compensation, 

sampling and beam shaping. 

The structure and arrangement of polarisation- 
15 independent multiple phase liquid crystal over silicon 

spatial light modulators (SLMs) for routing light beams 

using holograms are discussed in our co~p@nding patent 

application PCT/GB00/03796. Such devices have an insertion 

loss penalty due to the dead-space between the pixels. As 

20 discussed in our co-pending patent application GB0107742.9, 
the insertion loss may be reduced significantly by using a 

reflecting layer inside the substrate positioned so as to 

reflect the light passing between the pixels back out 

again. 

25 

30 

Referring to Figure I, an integrated SLM 200 for 

modulating light 201 of a selected wavelength, e.g. 1.5 Mm, 

consists of a pixel electrode array 230 formed of 

reflective aluminium. The pixel electrode array 230, as 

will later be described acts as a mirror, and disposed on 

it is a quarter-wave plate 221. A liquid crystal layer 222 

is disposed on the quarter-wave plate 221 via an alignment 
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layer (not shown) as is known to those skilled in the art 

of liquid crystal structures. Over (as shown) the liquid 

crystal layer 222 are disposed in order a second alignment 

layer 223, a common ITO electrode layer 224 and an upper 

glass layer 225. The common electrode layer 224 defines an 

electrodeplane. Thi pixel electrode array 230 is disposed 

parallel to the common electrode plane 224. It will be 

understood that alignment layers and other intermediate 

layers will be provided as usual. They are omitted in 

Figure i ~for clarity. 

15 

The liquid erystal layer 222 has its material aligned 

such that under the action of a varying voltage between a 

pixel electrode 230 and the common electrode 224, the 

uniaxial axis changes its tilt direction in a plane normal 

to the electrode plane 224. 

2O 

The quarter wave plate 221 is disposed such that light 

polarised in the plane of tilt of the director is reflected 

back by the mirror 230 through the SLM with its plane of 

polarisation perpendicular to the plane of tilt, and vice- 

versa. 

25 

30 

Circuitry, not shown, connects to the pixel electrodes 

230 so that different selected voltages are applied between 

respective pixel electrodes 230 and the common electrode 

layer 224. 

Considering an arbitrary light beam 201 passing 

through a given pixel, to which a determined potential 

difference is applied, thus resulting in a selected phase 

modulation due to the liquid crystal layer over the pixel 
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electrode 230. Consider first and second orthogonal 

polarisation components, of arbitrary amplitudes, having 

directions in the plane of tilt of the director and 

perpendicular to this Plane, respectively. These 

directions bisect the angles between the fast and slow axes 

of the quarter-wave plate 22i. 

10 

The first component experiences the selected phase 

change on the inward pass of the beam towards the aluminium 

layer 230, which acts as a mirror. The second component 

experiences a fixed, non-voltage dependent phase change. 

However, the quarter-wave plate 221 in the path causes 

polarisation rotation of the first and second components by 

15 90 degrees so that the second polarisation component of the 

light beam is presented to the liquid crystal for being 

subjected to the selected phase change on the outward pass 

of the beam away from the mirror layer 230. The first 

polarisation component experiences the fixed, non-voltage 

20 dependent phase change on the outward pass of the beam. 

Thus, both of the components experience the same overall 

phase change contribution after one complete pass through 

the device, the total contribution being the sum of the 

fixed, non-voltage dependent phase and the selected voltage 

25 dependent phase change. 

30 

It is not intended that any particular SLM structure 

is essential to the invention, the above being only 

exemplary and illustrative. The invention may be applied 

to other devices, provided they are capable of multiphase 

operation and are at least somewhat polarisation 

independent at the wavelengths of concern. Other SLMs are 
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to be found in our co-pending applications W001/25840, 

EPI050775 and EPI053501 as well as elsewhere in the art. 

I0 

Where liquid crystal materials other than 

ferroelectric are used, current practice indicates that the 

use of an integral quarter wave plate contributes to the 

usability of multiphase, polarisation-independent SLMs. 

A particularly advantageous SLM uses a liquid crystal 

layer configured as a pi ce!l. 

Referring to Figure 2, an integrated SLM i0 has 

processing circuitry ll having a first control input 12 for 

routing first and second beams 1,2 from input fibres 3,4 to 

15 output fibres 5,6 in a routing device 15. The processing 

circuitry II includes a store holding control data which is 

processed to generateholograms which are applied to the 

SLM I0 for control of light incident upon the SLM i0. The 

control data are selected in dependence upon the data at 

20 the control input 12, and may be stored in a number of 

ways, including compressed formats. The processing 

circuitry II, which may be at least in part on-chip, is 

also shown as having an additional input 16 for modifying 

the holograms. This input 16 may be a physical input, or 

25 may be a ~soft" input -for example data in a particular 

time slot. 

3O 

The first beam I is incident on, and processed by a 

first array, or block 13 of pixels, and the second beam 2 

is incident on and processed by a secondarray, or block 14 

of pixels. The two blocks of pixels 13,14 are shown as 

contiguous. In some embodiments they might however be 

TS0000696 



WO 03/021341                                                             PCT/GB02/04011 

.... -31- 

separated from one another by pixels that allow for 

mi s alignment. 

Where the SLM is used for routing the beams 1,2 of 
5 light, this is achieved by displaying a linearly changing 

phase ramp in at least one direction across the blocks or 

arrays 13,14. The processing circuitry ll determines the 

parameters of the ramp depending on the required angle of 

deflection of the beam 1,2. Typically the processing 

10 circuitry ii stores data in a look-up table, or has access 

to a store of such data, to enable the required ramp to be 

created in response to the input data or command at the 

first control input 12. The angle of deflection is 

probably a two dimensional angle where the plane common to 

the direction of the incident light and that of the 

reflected light is not orthogonal to the SLM. 

2O 

Assigning x and y co-ordinates to the elements of the 

SLM, the required amount of angular shift from the specular 

reflection direction may be resolved into the x and y 

directions. Then, the required phase ramp for the 

components is calculated using standard diffraction theory, 

as a ~desired phase characteristic". 

25 

30 

This process is typically carried out in ~ training 

stage, to provide the stored data in the look-up table. 

Having established a desired phase modulation 

characteristic across the array so as to achieve the 

desired control of said beam the processing circuitry II 

transforms this characteristic into one that can be 

displayed by the pixels 13,14 of the SLM I0. Firstly it 
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should be borne in mind that the processing circuitry ii 

controlling the pixels of an SLM I0 is normally digital. 

Thus there is only a discrete population of values of phase 

modulation for each pixel, depending on the number of bits 

used to represent those states. 

To allow the pixels 13,14 of the SLM ii to display a 

suitable phase profile, the processing circuitry ii carries 

out a level selecting operation for each pixel. As will be 

appreciated, the ability of the SLM to phase modulate has 

limits due to the liquid crystal material, and hence a 

phase ramp that extends beyond these limits is not 

possible. To allow for the physical device to provide the 

effects of the ideal device (having a continuously variable 

15 limitless phase modulation ability), the desired phase ramp 

may be transformed into a non-monotonic variation having 

maxima and minima within the capability limits of the SLM" 

I0. In one example of this operation, the desired phase 

modulation is expressed modulo 2pi across the array extent, 

20 and the value of the.desired modulo-2pi modulation is 

established at the centre of each pixel. Then for each 

pixel, the available level nearest the desired modulation 

is ascertained and used to provide the actual pixel 

voltage. This voltage is applied to the pixel electrode 

25 for the pixel of concern. 

For small pixels there may be edge effects due to 

fringing fields between the pixels and the correlations 

between the director directions in adjacent pixels. In 

such systems the available phase level nearest to the value 

of the desired modulo-2pi modulation at the centre of each 

pixel (as described above) should be used as a first 
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approximation. A recursive algorithm is used to calculate 

the relevant system performance characteristic taking into 

account these ’edge’ effects and to change the applied 

level in order to improve the system performance to the 

required level. 

I0 

~Linear" means that the value of phase across an array 

of pixels varies linearly with distance from an arbitrary 

origin, and includes limited linear changes, where upon 

reaching a maximum phase change at the end of a linear 

portion, the phase change reverts to a minimum value before 

again rising linearly. 

15 

2O 

25 

The additional input 16 causes the processing 

circuitry II to modify the holograms displayed by applying 

a discrete approximation of a non-linear phase modulation 

So that the SLM I0 synthesises a corrective optical element 

such as a lens or an aberration corrector. As will be 

later described, embodiments may also provide power control 

(attenuation), sampling and beam shaping by use of the non- 

linear phase modulation profile. ~Non-linear" is intended 

to signify that the desired phase profile across an array 

of pixels varies with distance from an arbitrary origin in 

a curved and/or oscillatory or like manner that is not a 

linear function of distance. It is not intended that ~non- 

linear" refer to sawtooth or like profiles formed by a 

succession of linear segments of the same slope mutually 

separated by ~flyback" segments. 

3O The ho!ogram pattern associated with any general non- 

linear phase modulation exp j@(u) = exp j (#0(u) + @1(u) +, 

@3(u)    ) where j is the complex operator, can be conside’red 
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as a product. In this product, the first hologram term in 

the product exp j @0(u) implements the routing while the 

second hologram term exp,j ~z(u) implements a corrective 

function providing for example lens simulation and/or 

aberration correction. The third ho!ogram term exp j ~2(u) 

implements a signal processing function such as sampling 

and/or attenuation and/or beam shaping. The routing 

function is implemented as a linear phase modulation while 

the corrective function includes non-linear terms and the 

signal processing function includes non-linear oscillatory 

terms. 

15 

2O 

25 

3O 

Different methods of implementing the combination of 

these three terms are possible. In one embodiment the 

total required phase modulation @0(u) + ~z(u) + ~2(u) 

including linear routing and corrective function and the 

signal processing function is resolved modu!o 2 pi and 

approximated to the nearest available phase level before 

application by the pixels. In another embodiment the 

summation of the phase modulation requiredfbr the linear 

and corrective function @0(u) + @z(u) is resolved modulo 2 

pi and approximated to the nearest phase level in order to 

calculate a first phase distribution. A second phase 

distribution @2(u) is calculated to provide sampling and/or 

attenuation and/or beam shaping. The two phase 

distributions are then added, re-resolved modulo 2 pi and 

approximated to the nearest available phase level before 

application by the pixels. Other methods are also 

possible. 
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15 

.... 

Mathematically the routing phase modulation is 

periodic due to the resolution modulo 2pi and by nature of 

its linearity. 

Therefore the routing phase modulation results in a 

set of equally spaced diffraction orders. The greater the 

number of available phase levels the closer the actual 

phase modulation to the ideal value and the stronger the 

selected diffraction order used for routing. 

By contrast, the corrective effects are realised by 

non-linear phase changes @x(u) that are therefore non- 

periodic when resolved modulo 2pi. This non-periodic phase 

modulation changes the distribution of the reflected beam 

about its centre, but not its direction. The combined 

effect of both linear (routing) and non-periodic phase 

modulation is to change both the direction and distribution 

of the beam, as may be shown using the convolution theorem. 

20 The signal processing effects are usually realised by 

a method equivalent to ’multiplying’ the initial routing 

and/or corrective hologram exp j(~0(u)+@~(u)) by a further 

hologram exp j ~a(u) in which ~2(u) is non-linear and 

oscillatory. Therefore the set of diffraction orders 

25 associated with the further hologram creates a richer 

structure of subsidiary beams about the origina! routed 

beam, as may be shown using the convolution theorem. 

While this explanation is for a one-dimensional phase 

30 modulator array the same principle may be applied in 2-D. 
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3O 

Hence in a reconfigurable optical system this non- 

linear phase modulation may be applied by the same spatial 

light modulator(s) that route the beam. It will be 

understood by those skilled in the art that the SLM may 

have only a single control input and the device may have 

processing circuitry for combining control data for routing 

and control data for corrective effects and signal 

processing effects to provide an output to control the SLM. 

The data may be entered into the SLM bit-wise per 

pixel so that for each pixel a binary representation of the 

desired state is applied. Alternatively, the data may be 

entered in the form of coefficients of a polynomial 

selected to represent the phase modulation distribution of 

the pixel array of concern in the SLM. This requires 

cal~ulating ability of circuitry of the SLM, but reduces 

the data transfer rates into the SLM. In an intermediate 
design the polynomial coefficients are received by a 

control board that itself sends bit-wise per pixel data to 

the SLM. On-chip circuitry may interpret data being 

entered so as to decompress that data. 

The pixel array of concern could be all of the pixels 

associated with a particular beam or a.subset of these 

pixels. The phase modulation distribution could be a 

combined phase modulation distribution for both routing and 

corrective effects or separate phase modulation 

distributions for each. Beam shaping, sampling and 

attenuation phase modulation distributions, as will be 

described later, can also be included. In some cases it 

may not be possible to represent the phase modulation 

distribution as a simple polynomial. This difficulty may 
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be overcome by .finding a simple polynomial giving a first 

approximation to the desired phase modulation distribution. 

The coefficients of this polynomia! are sent to the SLM. 
A 

bit-wise correction is sent for each pixel requiring a 

’correction, together with an address identifying the 

location of the plxel. When the applied distribution is 

periodic only the corrections for one period need be sent. 

I0 

The processing circuitry II may be discrete from or 

integra~ with the SLM, or partly discrete and partly 

integral. 

Referring to Figure 3, a routing device 25 includes 
two SLMs 20,21 which display holograms for routing light 

15 1,2 from an input fibre array 3,4 to an output fibre array 

5,6. The two SLMs are reflective and define a zigzag path. 

The first SLM 20 hereinafter referred to as a ~corrective 

SLM" not only carries out routing but also synthesises a 

corrective optical element. The second SLM 21 carries out 

20 only~a routing function in this embodiment, although it 

could also carry out corrections or apply other effects:if 

required. The second SLM 21 is hereinafter referred to as 

a ~routlng SLM". Although the corrective SLM 20 is shown 

disposed upstream of the routing SLM 21, it may 

25 alternatively be disposed downstream of the routing SLM 21, 

between two routing SLMs, or with systems using routing 

devices other than the routing SLM 21. 

3O 

The routing SLM 21 has operating circuitry 23 

receiving routing control data at a routing control input 

24, and generating at the SLM 21 sets of holograms for 

routing the beams 1,2. The corrective SLM 20 has operating 
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circuitry 26 receiving compensation or adaptation data at a 

control input 27 to cause the SLM 20 to display selected 

holograms. In this embodiment, the SLM 20 forms a 

reflective lens. 

Synthesising a lens at the SLM 20 can be used to 

Change the position of the beam focused spot and therefore 

correct for a position error or manufacturing tolerance in 

one. or more other lenses or reflective (as opposed to 

10 transmissive) optical elements, .such as a curved mirror. 

The synthesised lens can be spherical or aspheric or 

cylindrical or a superposition of such lenses. Synthesised 

cylindrical lenses may have arbitrary orientation between 

their two long axes and the lens focal lengths can both be 

15 positive, or both be negative, or one can be positive and 

the other negative. 

To provide a desired phase modulation profile for a 

lens or curved mirror to compensate for an unwanted 
20 deviation from a required system characteristic, the system 

is modelled without the lens/mirror. Then a lens/mirror 

having the correction to cancel out the deviation is 

simulated, and the parameters of the lens/mirror are 

transformed so that when applied to an SLM the same effect 

25 is achieved. 

3O 

In one application what is required is to adjust the 

position and width of the beam waist, of a Gaussian-type 
beam at some particular point in the optical system, in 

order to compensate for temperature changes or changes in 

routing configuration. Hence two properties of the beam 

must be adjusted and so it is necessary to change two 

properties of the optical system. In a conventional static 
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optical system both a lens focal length and the position of 

the lens are selected to achieve the required beam 

transformation. In the dynamic systems under consideration 

it is rarely possible deliberately to adjust the position 

of the optical components. A single variable focus action 

at a fixed position changes both the position and the width~ 

of the beam waist and only in special circumstances will 

both properties be adjusted to the required value. 

I0 One method to overcome this problem is to apply both 

corrective phase and corrective ’pseudo-amplitude, 

modulation (to be described later) with a single SLM. 

However the amplitude modulation reduces the beam power 

which may be undesirable in some applications. A further 

15 and preferred method is to apply corrective phase 

modulation with two separate SLMs. 

For example consider coupling from one input fibre (or 

input beam) through a routing system into the selected 
20 output fibre (or output beam). Inside the routing system 

there are at least two SLMs carrying out a corrective 

function. They may also be routing and carrying out other 

functions (to be described in this application). In 

between a given pair of SLMs carrying out focus correction 

25 there is an intermediate optical system. 

3O 

At the first SLM carrying out a corrective function 
there may be calculated and/or measured the incident 

amplitude and phase distribution of the input beam that had 

propagated from the input fibre or beam. At the second SLM 

carrying out a corrective function there may be calculated 

and/or measured the ideal amplitude and phase distribution 
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that the output beam would adopt if coupling perfectly into 

the output fibre or beam. This can be achieved by 

backlaunching from the output fibre or beam or by a 

simulation of a backlaunch. The required focus correction 

functions of these two SLMs is to transform the incident 

ampiitude and phase distribution arriving at the first sLM 

to the ideal amplitude and phase distribution at the second 

SLM to achieve perfect (or the desired) coupling efficiency 

into the output fibre or output beam. 

The corrective phase modulation to be applied at the 

first SLM should be calculated, so as to achieve the ideal. 

amplitude distribution at the second SLM as the beam 

arrives at the second SLM after passing from the first SLM 

15 and through the intermediate system. This calculation 

should take into account propagation through the 

intermediate system between the first and second SLMs. 

Hence the function of the first SLM is to correct the beam 

so as to achieve the ideal amplitude distribution for the 

20 output beam. The beam phase distribution should also be 

calculated as it arrives at the second SLM. The corrective 

phase distribution to be applied at the second SLM should 

be calculated so as to transform the phase distribution Of 

the beam incident upon it from the intermediate system to 

25 the ideal phase distribution required for the output beam 

at the second SLM. 

3O 

Two variables available at the SLM to effect 

corrections from an optimal or other desired level of 

performance are firstly the blocks of pixels that are 

delineated for the incident light beam, and secondly the 

hologram that is displayed on ~he block(s) of concern. 
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Starting with the delineation of blocks~ it should be 

borne in mind that the point of arrival of light on the SLM 

can only be predicted to a certain accuracy and that the 

point may vary according to physical changes in the system, 

for example due to temperature effects or ageing. Thus, 

the device allows for assessment of the results achieved by 

the current assignment, and comparison of those results 

with.a specified performance. In response to the 

comparison results, the delineation may be varied so as to 

improve the results. 

In one embodiment a training phase, uses for example a 

hill climbing approach tO control and optimise the position 
15 of the centre of the b!ock. Then if the "in-use. results 

deviate by more than a specified amount from the best 

value,~ the delineation of the block is varied. This 

process reassignment may step the assigned block one pixel 

at a time in different directions to establish whether an 

20improved result is achieved, and if so continuing to step 

to endeavour to reach an optimum performance. The 

variation may be needed where temperature effects cause 

positional drift between components of the device. It is 

important to realise that unlike MEMS systems and the like, 

25 all the pixels are potentially available for all the beams. 

Also the size, shape and location of a delineated block is 

not fixed. 

3O 

Equally the size and shape of a block may be varied if 

required. Such changes may be necessary under a.variety of 

situations, especially where a hologram change is needed. 

If for example a hologram requiring a larger number of 
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pixels becomes necessary for one beam, the size of the 

block to display that hologram can be altered. Such 

changes must of course usually be a compromise due to .the " 

presence of other blocks (possibly conti~uous With the 

present block) for displaying holograms for other beams of 

light. 

I0 

Monitoring techniques for determining whether the 

currently assigned block is appropriate include the 

techniques described later herein as ~taking moments-. 

Turning to variation of the hologram that is displayed 

on the block of concern, one option to take into account 

for example physical changes in the system, such as 

15 movement out of alignment, is to change one normal linear- 

type routing hologram for another, or to adjust the present 

holosram in direct response to the sensed change. Thus if, 

due for example to temperature effects, a target location 

for a beam moves, it may be necessary to change the 

20 deflection currently being produced at a pixel block. This 

change or adjustment may be made in response to sensed 

information at the target location, and may again be 

carried out "on-line" by varying the hologram step by step. 

However, it may be possible to obtain an actual measure of 

25 the amount and direction of change needed, and in this case 
either a new hologram can be read in to the SLM or a 

suitable variation of the existing hologram carried out. 

30 

As well as, or instead of, linear changes to linear 

routing holograms, corrective changes may be needed, for 

example to refocus a beam or to correct for phase 

distortion and non-focus aberrations. 
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Having corrected the beam focus other aberrations may 

remain in the system. Such aberrations distort the phase 

distributions of the beams. These aberrations will also 

change With routing configuration as the beams are passing 

through different lenses and/0r different positions on the 

same lenses. Similarly the aberrations will change with 

temperature. To obtain stable and acceptable performance 

of a reconfigurable optical system, the aberrations can be 

corrected dynamically. 

To provide a desired phase modulation profile for 

these aberrations the system may be modelled or measured to 

calculate the phase distortion across the SLM, compared to 

15 the ideal phase distribution. The ideal phase distribution 

may again be found by modelling the system ’backwards’ from 

the desired output beam, or by backlaunching and 

measurement, while the actual phase distribution may be 

found by modelling the system forwards from the input beam 

20 or measurement. The calculations will include the effects 

of reflection from the SLM itself. The corrective function 

of the SLM is to transform between the actual and ideal 

phase distortion. The phase distortion is defined as the 

phase difference between the actual phase distribution and 

25 the ideal phase distribution. The desired corrective 

profile is the �onjugate phase of the phase distortion. 

3O 

Alternatively, these corrective functions can be 

shared by two SLMs, which allows an extra degree of freedom 

in how the beam propagates inside the intermediate system 

between the two SLMs. 
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Further, given a real system a sampling method (as 

will be described later) may be used to direct a fraction 

of the beam towards a wa~efront sensor that may assess the 

beam. So far the process is deterministic. Then the 

changes are applied to the real system, and perturbations 

on the parameters are applied while monitoring the sensor 

and/or the input/output state, so as to determine whether 

an optimum configuration is achieved. If not, the 

parameters are changed until a best case is achieved. Any 

known optimising technique may be used. It is preferred to 

provide a reasonable starting point by deterministic means, 

as otherwise local non-optimum performance maxima may be 

used instead of the true optimum. 

15 The method or. device of the invention may be used to 

correct for aberrations such as field curvature in which 

the output ’plane’ of the image(s) from an optical’system 

is curved, rather than flat. 

20 Equally, even if in use the SLM forms a corrective 

element by having non-linear phase modulation applied 

across it, if it is operated in separate training and use 

phases, it may be desirable while training for the SLM to 

route as well. In this case the SLM scans the processed 

25 beam over a detector or routes the beam, for example using 

one or more dummy holograms, into a monitor fibre. 

30 

Referring now to Figure 4, the corrective SLM 20, used 

purely for synthesising a corrective element, has operating 

circuitry 125, and’further comprises processing circuitry 

122 and temperature sensors 123. In this embodiment the 

operating circuitry, temperature sensors and processing 
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circuitry are integrated on the same structure as the rest 

of the SLM, but this is not critical to the ihvention. 

Associated with the processing circuitry is a store 124 

into which is programmed a lookup table. The sensors 

detect temperature changes in the system as a whole and in 

the SLM, and in response to changes access the look up 

table via the processing circuitry 122 to apply corrections 

to the operating circuitry. These corrections affect the 

holograms displayed on the blocks 13, 14 of pixels.. The 

sensors may also be capable of correction for temperature 

gradients. 

15 

2O 

25 

This technique may also be applied to an SLM used for 

routing. 

Referring now to Figure 5, an optical system 35 has a 

corrective SLM 30 with operating circuitry 31, and 

processing circuitry 32. The system includes further 

devices, here second and third SLMs 33 and 34, disposed 

downstream of the corrective SLM 30; The second SLM 33 is 

intended to route light to particular pixel groups 15, 16 

of the third SLM 34. The third SLM 34 has monitor sensors 

37 for sensing light at predetermined locations. In one 

embodiment these sensors 37 are formed by making the 

reflective layer partially transmissive, and creating a 

sensing structure underneath. In another, the pixelo 

electrode of selected pixels is replaced by a silicon 

photodetector or.germanium sensor structure. 

3O In either case, circuitry may be integrated into the 

silicon backplane to process the output of the sensors 37, 

for example to compare the outputs of adjacent sensors 37, 
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or to threshold one sensor against neighbouring sensor 

outputs. Where possible, processing circuitry is onchip, 

as it is possible to reduce the time taken after light has 

been received to respond to it in this way. This is 

because there is no need to read infozmlation off-chip for 

processing, and also because calculations may be able to be 

performe~ in parallel. 

Provided the routing-together with any compensation 

effects from the corrective SLM 30 - is true, the sensors 

37 Will receive only a minimal amount of light. However 

where misalignment or focus-errors are present, the extent 

of such errors is detected by measuring the power coupled 

into the monitor sensors. To that end, the sensors 37 

provide data, possibly after some on-chip processing, to 

the processing circuitry 32. The processing circuitry 32 

contains a c~ntrol algorithm to enable it to control the 

operating circuitry 31 to make changes of, or adjustments 

to, the compensating holograms displayed on the corrective 

SLM 30 until the system alignment is measured to be 

optimised. In some embodiments, changes to the sub-arrays 

to which beam affecting holograms are applied may be made 

in response to the sensor output data. 

25 

3O 

In another embodiment a determined number of dummy 

ports are provided. For example for a connector two or 

more such ports are provided and for routing devices three 

or more dummy ports are provided~. These are used for 

continuous misalignment monitoring and compensation, and 

also for system training at the start. 
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Although some embodiments can operate on a trial and 

error basis, or can be adapted "on the fly", a preferred 

optical system uses a training stage during which it causes 

to be stored in the look-up table data enabling operation 

under each of the conditions to be encountered in use. 

tO 

15 

2o 

25 

3O 

In one embodiment, in the training stage, a set of 

initial starting values is read in for application to the 

SLM 30 as hologram data, then light is applied at a fibre 

and the result of varying the hologram is noted. The 

variations may include both a change of pixels to which the 

hologram is applied, and a change of the hologram. Where 

more than one fibre is provided, light is applied to each 

other fibre in turn, and similar results obtained. Then 

other environmental changes are applied and their effects 

noted, e.g. at the sensors 37, and the correction for input 

data either calculated or sought by varying the presently- 

.applied data using optimisation techniques to seek best or 

acceptable performance. 

Then, in use, the system may be operated on a 

deterministic basis - i.e. after ascertaining what effect 

is sought, for example responding to a temperature change 

or providing a change in routing, the change to the applied 

data for operating the device can be accessed without the 

need for experiment. 

A preferred embodiment operates in the deterministic 

way, but uses one or more reference beams Of light passed 

through the device using the SLM 30. In that way the 

effect of deviations due to the device itself can be 

isolated. Also it can be confirmed that changes are being 
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correctly made to take into account environmental and other 

variations. 

The device may also have further monitor sensors 

5 placed to receive the zero-order reflections from the 

SLM(s) to enable an assessment to be made of the input 

conditions. For example, where an input channel fails, 

this can be determined by observing the content of the 

specular reflection from the light beam representing that 

I0 channel. Where there are two SLMs as in some routing 

systems, the specular reflections from each SLM may be 

sensed and compared. 

Referring now to Figure 6, a dual-function SLM 40 

15 provides both routing and correction. The SLM 40 has 

operating circuitry 41 and processing circuitry 42. The 

operating circuitry 41 receives routing data a~ a first 

contro! input 44 for causing the processing circuitry 42 to 

generate the holograms on the SLM 40 to achieve the desired 

20 routing. The processing circuitry 42 also receives routing 

data on an input 45, and controls the operating circuitry 

41 using an algorithm enabling adaptation due to changes in 

the path taken through the system to take place on a 

timescale equivalent to that required to change the 

25 hologram display, i.e. of the order of milliseconds. 

The control algorithms for this embodiment may use one 

or more of several types of compensation. 

30 
In one embodiment a look-up table is stored in a 

memory 43, the look-up table storing pre-calculated and 
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stored values of the compensation for each different route 

through the system. 

In another embodiment the system is trained before 

first being operated, using changes of, or to the 

compensating holograms to learn how changing the 

compensating holograms affects the system performance, the 

resulting data being held in the memory 43. 

I0 

15 

2O 

In a further embodiment, the processing circuitry 42 

employs intelligence responsive to signals from monitor 

sensors 47,48 for monitoring and calculation of how these 

compensating holograms should adapt with time to 

accommodate changes in the system alignment. This is 

achieved in some embodiments by integrating circuitry 

components into the silicon backplane of the SLM, or by. 

discrete components such as germanium detectors where the 

wavelengths are beyond those attainable by silicon devices. 

In some embodiments sensors 47 are provided for sensing 

light at areas of the SLM, and in others the sensors 4~8 may 

instead or also be remote from the SLM 40 to sense the 

effects of changes on the holograms at the SLM 40. 

3O 

Referring now to Figure 7, an optical system 80 

includes an SLM 81 for routing beams 1,2 of light from 

input fibres 3,4 to output fibres 5~6 by means of holograms 

displayed on pixel groups 13,14 of the SLM. The holograms 

are generated by processing circuitry 82 which responds to 

a control input 83 to apply voltages to an array of 

pixellated elements of the SLM, each of which is applied. 

substantially uniformly across the pixel of concern. This 
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result is a discrete approximation of a linear phase 

modulation to route the beams. 

I0 

The processing circuitry 82 calculates the ideal 

linear phase ramp to route the beams, on the basis of the 

routing control input 83 and resolves this phase modulo 
2Pi. The processing circuitry at each of the pixels then 

selects the closest available phase level to the ideal 

value. For example if it is desired to route into the m’th 

diffraction order with a grating period ~ the ideal phase 

at position u on the SLM 81 is 2pi.mu/~. Therefore, 

approximately, the phase goes linearly from zero up to 2pi 

over a distance ~/m after which it falls back to zero, see 

Figure 8a. 

Control of the power in individual wavelength channels 

is a common requirement in communication systems. Typical 

situations are the need to avoid receiver saturation, to 

maintain stable performance of the optical amplifiers or to 

20 suppress non-linear effects in the transmission systems 

that might otherwise change the information content of the 

signals. Power control may be combined with sampling or 

monitoring channels to allow adjustment of the power levels 

to a common power level (channel equalisation) or to some 

25 desired wavelength characteristic. 

3O 

Deliberate changes to the value of ~ can be used to 

reduce the coupling efficiency into the output in order to 

provide a desired attenuation. This is suitable for 

applying a low attenuation. However, it is not suitable 

for a high attenuation as, in that event, the beam may then 

be deflected towards another output fibre, increasing the 
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crosstalk. If there is only one output fibre this method 

may be used regardless of the level of attenuation. 

To provide a selected desired attenuation of the 

optical channel in the system, processing Circuitry 85 

responds to an attenuation control input 84 to modify the 

operation of the operating circuitry 83 whereby the 

operating circuitry selects a linear phase modulation such 

that by the end of each periodic phase ramp the phase has 

reached less than 2pi, see Figure 8b. 

15 

This may be achieved by calculating the ideal value of 

phase for every pixel, and then multiplying this ideal 

value by a coefficient r between 0 and I, determined on the 

basis of the desired attenuation. The coefficient is 

applied to every pixel of the array in order to get a 

reduced levei per pixel, and then the available phase level 

nearest to the reduced level is selected. 

20 The method of this embodiment reduces the power.in 

this diffraction, order by making the linear phase 

modulation incomplete, such that~by the end of each 

periodic phase ramp the phase has only reached 2pi.r. It 

has however been found that the method of this embodiment 

25 may not provide sufficient resolution of attenuation- It 

also increases the strength of the unwanted diffraction 

orders likely to cause crosstalk. When combined with 

deliberate changes in the length of the ideal phase ramp 

the resolution of attenuation may be improved. Again if 

30 there is only a single output fibre the crosstalk is less 

important. 
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Resolution may also be improved by having a more 

complex incomplete linear phase modulation. However, the 

unwanted diffraction orders may still remain too strong for 

use in a wavelength-routed network. Hence to control the 

5 power by adapting the routing hologram may have undesirable 

performance implications in many applications, as crosstalk 

worsens with increase of attenuation. The problem can be 

overcome by use of a complex iterative design. This could 

be used to suppress the higher orders but makes the routing 

i0 control more expensive. 

Referring now to Figure 9, a system 99 includes an SLM 

90 controlled by applying a discrete approximation of a 

linear phase modulation to route beams 1,2 from input 

15 fibres 3,4 to output fibres 5,6 as previously described 

with respect to Figure 7. Thus operating circuitry 91 

selects a routing hologram fo9 display by the SLM, in 

accordance with a routing input 92, whereby the beams may 

be correctly routed, using a look up table or as otherwise 

20 known. A memory holds sets of data each allowing the 

creation of a respective power controlling hologram. 

Processing circuitry 93 runs an algorithm which chooses a 

desired power controlling hologram corresponding to a value 

set at a power control input 94. The power controlling 

25 hologram is selected to separate each beam into respective 

main la, 2a and subsidiary Ib, 2b beams, such that the main 

beams la, 2a are routed through the system and the or each 

subsidiary beam(s) Ib, 2b is/ are diffracted out of the 

system, for example to a non-reflective absorber 97. 

3O 

The processing circuitry 93 applies the power 

controlling hologram data to a second input 95 of the 
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operating circuitry 91 which acts on the routing hologram 

data so as to combine the routing and power controlling 

holograms together to provide a resultant hologram. The 

operating circuitry then selects voltages to apply to the 

SLM 90 so that the SLM displays the resultant hologram. 

10 

Thus power in a routing context is controlled by 

combining the routing hologram with another hologram that 

has the effect of separating the beam into a main beam and 

a set of one or more subsidiary beams. Of these the main 

beam is allowed to propagate through the system as required 

while the other(s) are diffracted out of the system. 1. 

For example consider a hologram that applies phases of 

15 +~ and -~ on adjacent pixels. In terms of real and 
imaginary parts this hologram has the same real part, cos 

~, oh every pixel, see Figure I0, while the imaginary part 

oscillates between ~ sin @. It can be shown using Fourier 

theory that the net effect is to.multiply-the amplitude of 

20 the original routed beam by a factor cos ~, and to d~vert 

the unwanted power into a set of weak beams at angles that 

are integer multiples of ±~/2p with respect to the original 

routed beam, where i is the operating wavelength and p is 

the pixel pitch. 

25 

30 

The system is designed from a spatial viewpoint such 

that light propagating at such angles falls outside the 

region of the output fibres 5,6 of Figure 9. An 

alternative design directs the unwanted light into output 

fibres 5,6 at such a large angle of incidence that the 

coupling into the fundamental mode is very weak, and has no 

substantial effect. In this case the unwanted power is 
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coupling into the higher-order modes of the fibre and so 

will be attenuated rapidly. A fibre spool or. some other 

technique providing mode stripping is then used on the 

output fibre before the first splice to any other fibre. 

In either case, the effective attenuation of the beam 

is i0 logz0 cos2~- Hence, in this way, polarisation- 

independent phase modulation may be used to create an 

effect equivalent to polarisation-independent amplitude 

modulation. This is termed herein ,,pseudo amplitude 

modulation"- In this particular case the pseudo-amplitude 

modulation applied at every pixel is cos @. 

It will be clear to those skilled in the art that use 
of alternate pixels as the period of alternation is not 

essential, and may insome cases be undesirable. This is 

because of edge effects in the pixels. 

The period and pattern of alternation can be varied, so 

as to adjust the deflection angle of the ,unwanted power’. 

This light directed away from the output fibres can be 

collected and used as a monitor signal. Hence the pseudo- 

amplitude modulation can be used to sample the beam 

incident on an SLM as previously discussed. This sampling 

hologram can be combined with a routing and/or power 

control and/or corrective SLM. in the latter case the 
sampled beam can be directed towards a wavefront sensor and 

then used to assess the quality of the beam correction. 

While the pseudo-amplitude modulation as described above is 
applied to the whole beam, it could be applied selectively 

to one or more parts of the beam. 

TS0000720 



I0 

15 

2o 

25 

3o 

WO 03/021341 
PCT/GB02/04011 

-55- 

A further modification to this pseudo-amplitude 

modulation is to multiply it by a further phase modulating 

hologram such as to achieve a net effect equivalent to a 

complex modulation. 

It is often important that the sampling hologram takes 

a true sample of the output beam. Therefore in some cases 

the sampling hologram should be applied after the 
combination of all other desired effects including 

resolution modulo 2 pi and approximation to the nearest 

available phase level. In this case the overall actual 

phase modulation distribution is achieved by a method 

equivalent to forming the product of the sampling hologram 

and the overall hologram calculated before sampling~ 

similar pseudo-amplitude modulation techniques may be 

extended to suppress the crosstalk created by clipping of 

the beam tails at the edges of each hologram and to tailor 

the Coupling efficiency vs. transverse offset 

characteristic of the output fibres. Since the transverse 

position at the output fibre is wavelength dependent, this 

tailoring of the coupling efficiency vs. offset can be used 

to tailor the wavelength response of the system. This is 

important in the context of wavelength division 

multiplexing (WDM) systems where the system wavelength can 

be expected to lie anywhere in the range of the available 

optical amplifiers. The output angle for beam steering 

using an SLM and periodic linear phase modulation is 

proportional to the wavelength while the focal length of 

corrective lenses is also wavelength-dependent. Therefore 

a ho!ogram configured to give the optimum coupling 

efficiency at one wavelength will produce an output beam 

with transverse and/or longitudinal offset at another 
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wavelength. These effects result in wavelength-dependent 

losses in systems required to route many wavelength 

channels as an ensemble. Hence a method designed to 

flatten or compensate for such wavelength-dependent losses 

is usefu! and important. 

I0 

Among the envisaged applications are the flattening of 

the overall wavelength response and the compensation for 

gain ripple in optical amplifiers, especially Erbium-doped 

fibre optic amplifiers (EDFA). 

15 

A~ SLM device may also be used to adapt the shape, 

e.g. the mode field shape, of a beam in order to suppress 

crosstalk. 

Beam shaping is a type of apodisation. It is 

advantageously used to reddce crosstalk created at a device 

by clipping of the energy tails of the light beams. Such 

clipping leads to ripples in the far field. These ripples 

20 cause the beam to spread over a wider region than is 

desired. In telecommunications routing this can lead to 

crosstalk. Other applications may also benefit from 

apodisation of a clipped laser beam, such as laser 

machining, for example, where it is desired to process a 

25 particular agea of a materia! without other areas being 

affected and laser scalpels for use in surgery. 

3O 

Clipping occurs because the energy of the beam spreads 

over an infinite extent (although the amplitude of the beam 

tails tends to zero), while any device upon which the beam 

is incident has a finite width. Clipping manifests itself 
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as a discontinuity in the beam amplitude at the edges of 

the device 

Referring to Figure ii, two SLMs i00,I01 are used for 

5 beam steering, or routing of beams 1,2 from input fibres 3,4 

to output fibres 5,6, as described in PCT GB00/03796. Each 

SLM I00,i01 is divided into a number of blocks of pixels 

103a, 104a; 103b, 104b. Each block 103a, 104a is 

associated with a particular input fibre 3,4 -i.e. the 

10 fibre of concern points to the subject block. Each block 

displays a hologram that applies routing. As previously 

discnssed herein the holograms may also or alternatively 

provide focus compensation, aberration correction and/or 

power control and/or sampling, as required. 

15 

2O 

25 

3O 

The blocks 103a, 104a at the input SLM i00 each 

receive a beam from an associated input fibr~ 3,4 while the 

blocks 103b, 104b at the output SLM I01 each direct a beam 

towards an associated output fibre 5,6. Each block 103a, 

103b has a finite width and height. As known to those 

skilled in the art and as previously noted, the beam width 

is infinite, therefore the block clips the beam from or to 

the associated fibre and this creates undesired ripples in 

the far field. 

The ripples due to clipping of the beam 1 are 

figuratively shown as including a beam 106 which, it will 

be seen, is incident on the wrong output hologram, 

displayed on block 104b at the output SLM i01. ~Wrong" 

signifies holograms other than that to which the beam of 

concern is being routed, for example holograms displayed by 

blocks around the block to which the beam should be routed. 
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Some of these ripples will then be coupled into ~wrong" 

output fibres 5,6 -i.e. those to which the beam is not 

deliberately being routed- leading to crosstalk. It will 

be clear to those skilled in the art that these effects 

will be present on blocks other than-those adjacent to the 

~correct" blocks, as the field of beam I is infinite in 

extent. 

I0 

!n any physical system the effect of the ripples 

created by clipping at the output SLM 101 depends on the 

optical architecture. 

In practice the non-ideal transfer function of the 

optics (due to finite lens apertures and aberrations) means 

that a sharp change in the amplitude spreads out and causes 

crosstalk in adjacent output fibres. In effect the optics 

applies a limit to the range of spatial frequencies that 

can be transmitted. This frequency limit causes crosstalk. 

20 The wider the device, compared to the beam spot size 

at the device, the weaker the ripples in the far field and 

the lower the crosstalk. In general a parameter C is 

defined such that the required width of SLM per beam is 

given by H=C.~, where ~ is the beam spot size at the SLM. 

25 The value of C depends on the beam shape, the optical 

architecture and the allowable crosstalk. Typically for a 

Gaussian beam, with no beam shaping and aiming for 

crosstalk levels around -40 dB, C would be selected to have 

a value greater than or equal to three. Looking at t~is 

30 system from the spatial frequency viewpoint, the field 

incident on the SLM contains (for perfect optics) all the 

spatial frequencies in the input beam. The finite device 
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width cuts off the higher spatial frequencies, so, again, 

the optics applies a limit to the range of spatial 

frequencies that can be transmitted and this frequency 

limit causes crosstalk. 

Beam shaping can be used to decrease the crosstalk for 

a given value of C, and also allow the use of a lower value 

of C. Calculations for NxN switches have shown that 

decreasing the value of C leads to more compact optical 

switches and increases the wavelength range per port. 

Hence beam shaping can be employed to provide more compact 

optical switches and/or an increased wavelength range per 

port. 

The idea behind using beam Shaping or ’apodisation’ to 

reduce crosstalk is based on an analogy with digital 

transmission systems. In these systems a sequence of 

pulses is transmitted through a channel possessing a 

limited bandwidth. The frequency response of the channel 

distorts the edges of pulses being transmitted so that the 

edges may interfere with one another at the digital 

receiver leading to crosstalk. The channel frequency 

response can, however, be shaped so as to minimise such 

crosstalk effects. Filters with responses that have odd- 

symmetry can be used to make the edges go through a zero at 

the time instants when pulses are detected. 

3O 

Therefore beam-shaping with odd symmetry can be used 

to make the crosstalk go through a zero at the positions of 

the output fibres. Such a method is likely to be very 

sensitive to position tolerances. 
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Another method used in digital systems is to shape the 

frequency cut-off so that it goes smoothly to zero. In the 

present context the ideal case of ’smoothly’ is that the 

channel frequency response and all derivatives of the 

frequency response become zero. In practice it is not 

possible to make all derivatives go to zero but a system 

may be designed in which the amplitude and all derivatives 

up to and including the k’th derivative become zero at the 

ends-of the frequency range. The higher the value of k, 

the quicker the tails of the pulse decay. Therefore the 

beam shaping should go as smoothly as possible to zero. 

15 

2O 

25 

3O 

To investigate the effects of beam shaping the 

amplitnde modulation was treated as continuous. The system 

studied was a single lens 2f system where 2f is the length 

of the system between fibres and SLM, assuming f is the. 

focal length with fibre~ in one focal plane, and an SLM in 

the other focal plane. The input fibre beam was treated as 

a Gaussian. Various amplitude modulation shapes were 

applied at the SLM and the coupling efficiency into the 

output fibre was calculated. In this architecture and from 

Abbe theory, the incident field at the SLM is proportional 

to the Fourier Transform of the field leaving the input 

fibre. In particular, different spatial frequencies in the 

fibre mode land on different parts of the SLM. Clipping 

removes the spatial frequencies outside the area of the 

hologram. Beam shaping at the SLM has the effect of 

modifying the relative amplitude of the remaining spatial 

frequencies. 

Residual ripples may still remain due to the 

discontinuity in the beam derivative but the ripples will 
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be reduced in amplitude and decay more quickly. Further 

reduction in the ripple amplitude and increase in the rate 

of decay may be achieved by shaping the beam such that both 

the amplitude and the first k derivatives go to zero at the 

edges. 

Mathematical analysis of the effect has also been 

carried out. The results are as follows: 
The neh time derivative of a function can be expressed 

in terms of its Fourier Transform as shown in equation (i) : 

d~ g(t).__ ;(i2~f). G(f)exp i2~fl df (1) 

Hence, by inversion, the frequency dependence of the 

Fourier Transform (FT) may be expressed as an FT of any one 

of the function’s derivatives as shown in equation (2): 

1 ~ddgt(.t)exp_i2z_ftdt           (2) aU’  = 

Choosing the zeroth derivative provides the expression 

in equation (3) : 

G(f) = ;g(t) exp- i2zfl dt ( 3 ) 

To apply the analysis to free-space beam-steering:- 

let x and y be the position co-ordinates at the fibre 

output from a switch, and u and v be the position co- 

ordinates at the SLM. Assume the SLM to be in one focal 

plane of a lens of focal length f, and the fibre array to 

be in the other focal plane[ 

E~m(x,y)= i_~__exp(_i2y(2f +nt~[[Esz~,v)expi2-~ff~ (xu+ yv~udv (4) 

such that the output field (see equation (4)) is a 2-D 

Fourier Transform of the field at the SLM, Es~. In this 
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result t is the lens thickness and N its refractive index, 

while ~ is the optical wavelength. 

I0 

For the present purposes the I-D equivalent is 

considered (relation 5): 

Comparing with (3) it is clear that the position co- 

ordinate at the SLM (u) is equivalent to the time domain 

and the position co-ordinate at the output (x) is 

equivalent to the frequency domain. Hence from (2) the 

output field may be expressed in terms of a derivative of 

the field at the SLM, as shown in equation (6): 

f A ~ kz,r~)     au ~ 

15 

20 

Let the kth derivative of. EsL~(U) be non-zero and 

smoothly varying over the range [-H/2, H/2], but zero 

outside this range, such that the derivative changes 

discontinuously at u = !H/2, as defined in (7): 

(7) 

This representation assumes Es~M to be even in u. 

Physically this situation represents a beam that is 

perfectly aligned with respect to the centre of a hologram 

of width H. 
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This derivative may be expressed as the sum of a rect 

f~nction and a smoothly varying function, s (u), that is 

zero at and outside lul=H/2, as shown in equation (8): 

5 

I0 

d* Esz~(u) 
(~) s(u) 

(8) 
du~    - g~rect 

+ 

For example consider a clipped (and unapodised) 

Gaussian beam; the zeroth derivative (k=0) may be expressed 

as shown in equations (9) and (i0) : 

= o vlul >- 
2 

g ~ = exp-( H ~ 

k J 
(i0) 

15 

Now returning to the general case (equation(8)) the 

k+l~h derivative is calculated to be as shown in equation 

(ii) : 

d Esu,t(u) .~ 

du~+~ 
- g~    u+ - u- 

du 
(ii) 

2o 

It is now convenient to calculate the output field. 

Set n=k+l in (6) to obtain equation (12): 

Era(x) ~: (J’2;vc)*+’/+ ~exp-j2=udu     " 

L ~ au 

(12) 

which becomes equation (13) : 

(13) 
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As the position is increased, th~ exponential term in 

the 2na integral of (13) o~diilates mo~e and more rapidly. 

Eventually the spatial frequency is so high that the 

derivative of s(u) can be considered to be constant, or 
nearly constant, over the spatial period. In which case the 

integral is zero, or nearly zero, when evaluated over each. 

period of the oscillation. Therefore at high frequencies 

the Whole of the second integral must approach zero. 

It is assumed that the behaviour is dominated by the 

first integral. The first integral shows that if the 

amplitude changes discontinuously (k=O, i.e. an unapodised 

hologram), the spectrum (E~z~) decays as I/x. Now, if the 

amplitude and the first derivative are continuous, it is 

the second derivative that changes discontinuously, and so 

k=2 and the spectrum" (E~zB) decays as i/x3. Numerical 

simulations have been carried out to confirm this 

behaviour. 

A particularly advantageous shape is one in which the 

shaped beam has odd symmetry about points midway between 

the centre and the edges such that the beam amplitude and 

all of its derivatives go to zero at the beam edges. 

The beam shaping may be effected to remove only a 

small amount of power from the central portion of the beam, 

to maintain acceptable system efficiency. A method for 

shaping a beam to achieve suppression of the ripples is now 

30 described. 
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Defining the middle of the beam as f{u), then f(u) can 

describe the original beam in its central portion, or what 

is left in the original beam after it has already been 

partially shaped, using, for example, pseudo-amplitude. To 

avoid ripples in the far field the edges of the beam go to 

zero at u = +_H/2, where H is the width of the hologram. 

I0 

Hence, at the right-hand edge, describe the beam as in 

equation (14) : 

fR(U) = f(O) -- f(u-H/2)                   (14) 

(The left-hand edge is considered later). 

To get matching of the amplitude half-way between the 

middle and the edge it is required that condition (15) 

15 should be valid: 

f (H/4) =fa (Pi/4)                           (15) 

2O 

From which there is obtained equation (16): 

f (H/4) +f (-n/4) = f (0) (16) 

25 

NOW consider the derivatives at the joining point. 

The nth derivative of the right-hand edge function is given 

by equatiQn (17) : 

d"f~] = d"f 
du " ~_~ du~ 

(17) 

3O 

Hence at the joining point condition (18) is valid: 

I 
= I (18) 

u=HI4 
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In order to avoid the creation of high frequency 

effects (crosstalk tails) by the joining point all 

derivatives are desirably continuous here. Hence it is 

required that condition (19) should be true: 

(19) 

To find out whether this is possible, expand the 

function f in a Taylor series about x=0 to obtain equation 

(20) : 

f = f(o) + a~u + a=u ~ + asu~ + a~u’ + a~u~ + a~u~ + .......... (20) 

The first derivative is given by equation (21): 

df=aI +2a2tt+3asua +4a4u3 + ....... (21) 

du 

15 The required condition (19) for the first derivative 

(n=l) can be obtained provided f is even in x, so that all 

the odd coefficients {az,a3..} in (20) and (21) are zero. 
This makes the first derivative continuous at the joining 

point. Furthermore if f is an even function then 

20 f(H/4)=f{-H/4) in which case (16) becomes (22): 

f(tt/4)=-~ f (O) 
(22) 

25 

Given that f is now an even function, the second 

derivative of f is given by equation (23) : 

d2f.-~ 2az + 12a,~uz + ....... (9.3) 
- 

Returning to the require~ condition in (19) it is 

clear that it cannot be satisfied for n=2. Hence the 
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second derivative is discontinuous at the joining point 

u=~4/4. 

The left-hand edge is given by equation (24) 

fLH (U) = f (0) --f (U+H/2)    (24) 

Given that f is even, the overall function has odd 
symmetry in each half plane about x = ¯ H/4. 

To work out what happens at u= +_H/2, expand f~ and f~ 

in Taylor series, as shown in equations 25 and 26: 

15 

2O 

(25) 

(26) 

The function and its first derivative are both zero at 

u= ~, but the second derivative has the value 2a~. Outside 
of the range [-~7~, ~H] the beam drops to zero. Hence the 

second de;ivative is discontinuous at both u=±MH and 
u=~H/4, and the far field must therefore decay as the cube 

of the distance measured in the far field. 

From the analysis, the required properties of f(u) for 

a hologram of width H are that firstly it should be even in 

25 u, and that secondly its amplitude at the position u=H/4 

should be half the amplitude at u=O. After apodisation has 

been applied the shape of the beam in the region between 

u=H/4 and u=H/2 should be given by f~(u)= f(o)-f(u-H/2) 

while in the region between u=-H/2 and u=-H/4 the shape of 

30 
thebeam should be given by fL,(u)= f(O)-f(u+H/2)’ In 

practice the shaping may not increase the local beam 
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amplitude. Hence the hologram width and/or the shape of 

the central portion may have to be adjusted to avoid the 

requirement for ’ amplifying’ shaping.. 

As an example these conditions are satisfied by a 

Gaussian distribution given by equation 27: 

conditions it can be apodised without removing power from 

the central region. Otherwise shaping can be applied to 

the central region so that these two conditions are 

satisfied. 

¯ 
In some systems there may be a requirement to adapt 

15 the width of the beam in the far field: either to narrow 
the beam or to broaden the beam. This may be useful for 

laser processing of materials as well as for routing. It 

is advantageous that the method to change the width does 

not introduce side lobes. A particular application that 
20 would benefit is laser drilling of holes. The SLM could be 

used to narrow the drilling beam as well as to change its 

focus so that the drilled hole remains of uniform diamete~ 

(or has reduced diameter variation) as the hole is 

3O 

25 

progressively bored. 

In order to broaden the far field, the near field (at 
the SLM) needs to be made narrower. This may be 

implemented by applying shaping to the central portion of 
the beam so that its full width h~If maximum (FWHM) points 

become closer together and so that the beam shape has even 

symmetry about its centre. Preferably the amplitude at the 
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very peak is not reduced so as not to lose too much power. 

The distance between the two FWHM points defines the 

effective half-width of the hologram. Further shaping 

should be applied to the left-hand and right-hand edges of 

this effective hologram, so that the beam shape has the 

required properties as described previously. Outside of 

the width of the effective hologram the beam shape should 

have zero amplitude. 

To narrow the far field, the near field (at the SLM) 

needs to be made broader. This may be implemented by 

applying shaping to the central portion of the beam, so 

that the FWHM points become further apart, and so that the 

beam shape has even symmetry about its centre. Typically 

this wil! require reduction of the amplitude around its 

peak. The extent of this reduction is governed by the need 

to be able to apply shaping to the 9ight and left hand 

edges of the hologram with the constraint that the shaping 

may only decrease the amplitude (and not increase it). 

20 

Amplitude-modulating SLMs can be used to implement the 

shaping but they are polarisation-dependent. 

Another pseudo-amplitude modulation can be created to 
implement the beam shaping by using a phase-modulating SLM, 

25 which may be made polarisation-independent. This may be 

achieved by recognising that a phase modulation exp j @(u), 

where j is the complex operator, is equivalent to a phase 

modulation cos @(u) + j sin @(u). Now choose @(u) such that 

the modulus of @(u) is varying slowly but the sign is 

30 oscillating. 
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Hence the real part of the modulation, cos ~(u), will 

be slowly varying and can act as the amplitude modulator to 

create the beam shape, while the imaginary part of the 

modulation, ~ sin @(u), will be oscillating rapidly with an 

equivalent period of two or more pixels. Hence the energy 

stripped off by the effective amplitude modulator will be 

diffracted into a set o~ beams that are beam-steered out of 
the system at large angles. 

In a preferred embodiment, the system is designed such 

that light travelling at such angles will either not reach 

the output plane or will land outside the region defined by 

the output ports. Thereforethe-beam component shaped by 

sin ~(u) is rejected by the optical system, while the beam 

component shaped by cos ~(u) is accepted by the system and 

couples into one or more output ports, as required. While 

this explanation is for a one-dimensional phase modulator 

array the same principle is applicable in 2-D. If @(u) 

varies from 0 at the centre of the beam to ~/2 at the edges 

then the amplitude of the beam shaped by cos ~(u) varies 

from 1 at the centre of the beam to 0 at the edges, thus 

removing the amplitude discontinuity that creates rippling 

tails in the far field. This can be achieved with minimal 
change to the insertion loss of the beam as it passes 

through the system. Indeed, often the insertion loss due 

to clipping is-due to integference from the amplitude 

discontinuity, rather than the loss of energy from the beam 

tails. 

The beam-shaping hologram is non-periodic but 

oscillatory and may be applied as a combination with other 
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routing and/or lens synthesis and/or aberration correcting 

and/or power contro! and/or sampling holograms. 

Further advantages of the beam shaping are that it 

reduces the required value of C for a given required 

crosstalk, allowing more compact ophical switches. Another 

advantage is that the crosstalk decays much more rapidly 

with distance away from the target output fibre. Hence, 

essentially, the output fibres receive crosstalk only from 

their nearest neighbour fibres. 

Therefore in a large optical switch used as a shared 

NxN switch for a range of wavelengths, it should be 

possible to arrange the wavelength channel allocation such 

that no output fibre collects crosstalk from a channe~ at 

the same system wavelength as the channel it is supposed to 

~be collecting. This would reduce significantly the 

homodyne beat noise accumulation in networks using such 

switches, and, conversely, allow an increase in the allowed 

20 crosstalk in each switch as heterodyne crosstalk has much 

less of an impact at the receiver, and can also be filtered 

25 

3O 

out if necessary. 

The crosstalk suppression method uses beam shaping to 

suppress ripples in the beam tails. The same method can be 

adapted to change the beam shape around the beam centre. 

For the case when the output beam is an image of the beam 

at the SLM the beam shaping is working directly on an image 

of the output beam- The fraction of the initial beam that 

is shaped by the slowly varying function cos @(u) can have 

the correct symmetry to couple efficiently into the 

fundamental mode of the output fibre. The fraction of the 
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initial beam that is shaped by the rapidly varying function 

~ sin @(u) has the wrong symmetry to couple into the 

fundamenta! mode and can be adjusted to be at least 

partially orthogonal to the fundamental mode. 

Effectively, it is the fraction of the beam shaped by 

cos @(u) that dominates the coupling efficiency into the 

fundamental mode. Therefore the dependence of the coupling 

efficiency vs. transverse qffset is dominated by the 

overlap integral between the cos @(u) shaped beam and the 

fibre fundamental mode. 

15 

2O 

25 

When the incident beam is the same shape as the 

fundamental mode and for small transverse offsets the 
coupling efficiency decreases approximately parabolically 

with transverse.offset. In many beam-steering systems 

using phase-modulating SLMs the transverse offset at the 

output fibre increases linearly with the wavelength 

difference from the design wavelength. Consequently the 

system coupling efficiency decreases approximately 

parabolically with wavelength difference from the design 

wavelength- Beam shaping can be used to adjust the shape 

of the incident beam and optimised to flatten the 

dependence on transverse offset and hence to flatten the 

wavelength response. Alternatively a more complex 

wavelength dependence could be synthesised to compensate 

for other wavelength-dependent effects. 

3O 

Beam shaping may also be used during system assembly, 

training or operation in order to measure mathematical 

moments of a light beam. A description of the method and 
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theory will be followed by a description of some example 

applications. 

The method requires a first stage during which 

5 corrective phase modulation is applied by the SLM such that 

the phase profile of the beam leaving the SLMhas no non- 

linear component. This may be confirmed with a collimeter 

or wavefront sensor or some other suitable device. In a 

first embodiment the phase profile has no linear component 

I0 applied to deflect the beam such that the beam is reflected 

in a specular direction. An optical receiver is placed to 

receive the reflected beam. The power reflected exactly 

into the specular direction is proportional to the square 

of an integral A(n) given in equation (28) where f(n,u,v) 
15 is the complex amplitude of the beam leaving the SLM at co- 

ordinates u,v during the neh stage of the method.         .. 

A(n) = ~f (n,u, v)du dv (28) 

20 The optical power received by the photodiode during 
the nth stage of the method is given by equation (29). 

P(n) = K(A(n))2 (2 9) 

where K is a constant of proportionality. 

25 If received by an optical fibre the received power 

will be modified according to the fibre misalignment and 

mode field distribution, leading to possible ambiguities in 

the method. Hence it is preferred instead to receive the 

beam by a photodiode. During the first, stage of the method 

30 the net phase modulation applied by the SLM is such that 

the beam is of uniform phase. Let b(u,v) be the ~eam 

amplitude distribution. Therefore during this first stage 
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the integral A is equal to the zeroth moment, a0, of the 

beam amplitude distribution, as shown in equation (30), and 

f(n,u,v) is equal to b(u,v). 

~0):~0: j’j’~,(.ov) a. a,~               (30~ 

Therefore the power, P(1), measured by the photodiode 

during this first stage is given by equation (31). 

P(1) = Kao~ ( 31 ) 

In order to characterise a two-dimensional beam, 

moments of the beam distribution may be taken in two 

orthogonal directions, in this case the u and v directions. 

Consider the pixel block of concern to be broken up into a 

set of columns. To each column in the block a particular 

15 effective amplitude modulation may be applied using the 

pseudo-amplitude method or some other method. For.example 

consider the pixel column with a centre at co-ordinate u*. 

By applying an alternating phase modulation of +@(u*) and 

-~(u*) to adjacent pixels in the same column the effective 

20 amplitude modulation applied to the particular column is 

cos (~ (u*)) . 

25 

30 

In order to calculate the first moment in the u 

direction, during the second stage of the method the values 

of cos(~(u*)) are chosen such as to approximate to a linear 

distribution, as described in equation (32). 

cos(~*)) = mu * +c                         (32) 

Therefore the power P(2) measured during the second 

stage of the process is given by (33). 

+ 
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where alu is the first moment of the beam distribution 

in the u direction, as given by (34). 

alu = ;;ub(u,~dudv (34) 

The ratio of the powers measured during the two stages 

is then given by equation (35) 

P(2) 
~ m2 

+ 2rncaw +C2 (3[5) 

P(O)     k. ao )        ao 

lO 

15 

20 

25 

30 

Given the measured power ratio and the values of m and 

c as chosen to satisfy the constraints of the method, the 

quadratic equation given in (35) may be solved to calculate 

the ratio of the first order moment in the u direction to 

the zeroth order moment. 

The constraints on m and c are such that the actual 

values of the alternating phase of each column need to be 

chosen from the available Set and such that the total phase 

excursion across the expected area of the beam remains 

within the range [0,~] or [-~,0] so that the cos(@(u*)) term 

may decrease (or increase) mono~onically. In practise a 

photodiode of finite size will receive power diffracted 

from the SLM within an angular distribution about the 

specular direction~ A further constraint on the gradient 

’m’ in equation (32) is such that the side lobes created by 

the linear amplitude modulation fall outside the area of 

the photodiode. 

Similar methods may be used to take approximate 

higher-order moments in the u direction, and also first and 

higher-order moments in the v direction. In the latter 
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case toeach row in the block a particular effective 

amplitude modulation is applied, e.g. by setting adjacent 

pixels in the row to alternating phases of +#(v*) and 

-@(v*), where v* is the position co-ordinate of t~e row. 

The second-order moments may also be Calculated and used to 

estimate the beam spot size at the hologram. This estimate 

can be used as part of the control algorithm for focus 

adj ustment. 

In a second embodiment a further linear phase 

modulation is applied to the hologram during each stage so 

as to deflect the beam to be measured while taking the 

moments towards a particular photodiode. 

15 Consider a Gaussian type beam b(u,v) centred at 

position co-ordinates (u0,v0). The even symmetry of the 

beam about axes parallel to the u and v directions and 

through the centre lead to the identities given by 

equations (36) and (37). 

20 ;;(u-u~b~,~dudv = 0 
(36) 

;;(v-vO)b(u,~dudv = 0 (37) 

25 

Hence approximate values of the first order moments 

measured as described previously, or by some other method, 

may be used to deduce approximate positions for the beam 

centres, as shown by equations (38) and (39). 

(39) 
]2o -~ 

ao 
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In the next stage of the measurement the pixel block 

initially assigned to the beam is re-assigned such that it 

is centred within half a pixel in each of the u and v 

directions from the approximate centre of the beam, as just 

5 calculated- 

I0 

Let the new centre of the pixel block be at (ul,vl). 

A new hologram should be calculated such that the beam 

leaving the SLM acts as the product of a beam of uniform 

phase distribution and an effective amplitude distribution 

given by equation (40). 

* -ul)                      ( 0 ) 

2O 

25 

The principle is that if the beam centre lies exactly 

at ul the measured power exactly in the specular direction 

will be zero. Taking into account the finite area of the 

photodiode the measured power c~nnot be zero but will be 

minimised when ul is within half a pixel pitch of the beam 

centre. 

This new hologram should be applied to the pixel block 

and the power measured. At this point the method can 

proceed in two ways. 

In one embodiment a further estimate of the beam 
centre can be calculated, as described previously, a new 

centre position ul calculated, the hologram recalculated 

according to equation (40) and the power measured again. 

This process can be repeated until the value of ul appears 

30 to have converged. 
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In a second embodiment the centre of the pixel block, 

ul can be re-assigned, the hologram recalculated according 

to (40) and the power measured again. At the current pixel 

block centre, ul, for which the beam centre is within half 

a pixel of ul, the measured power should be at a minimum 

value. 

I0 

A further embodiment is to use a suitable combination 

of these two alternative methods. 

The centre of the pixel block in the v direction can 

be. measured using similar methods. 

15 

2O 

25 

The size of the pixel block used should be chosen so 

as to cover the expected area of the beam. Outside of this 

area the phase can be modulated on a checkerboard of, for 

example, _+pi/2, so that the effective amplitudemodulation 

is zero and the light from these regions is diffracted far 

away from the photodiode. 

It can be shown that equations (36) and (37) are also 

satisfied if the beam waist is not coincident with the SLM, 

that is the beam is defocused. Although the method as 

described above will not be calculating the proper moments 

of the beam, it can be shown that the position of the beam 

centre may still be identified using the methods described. 

3O 

The beam shaping method may be extended to control and 

adapt the amplitude of the beam steered through the system. 

If @(u) varies from ~ at the centre of the beam to ~/2 at 

the edges then the real part of the pseudo-amplitude 

modulation can be considered as cos ~ multiplied by an 
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ideal beam-shaping function that causes insignificant 

insertion loss. In which case there is an associated 
additional insertion loss given by approximately 101og~0 

(cos2 ~). By varying the value of ~ the beam power can be 

varied. Therefore the same device can be used to achieve 
power control, otherwise known as channel equalisation, as 
well as changing the routing or direction of a beam. 

Deliberate changes in the beam shaping function can be used 

to increase the number of ’grey levels’ possible for the 

beam ~ttenuation, i.e. to provide an increased resolution. 

As for the beam shaping, the rejected power is diffracted 

out of the system- Therefore this attenuation method does 

notincrease crosstalk. 

Another technique for controlling beam power without 

increasing crosstalk is to deflect the unwanted energy in a 

direction orthogonal to the fibres susceptible to 

crosstalk. 

This may be combined with yet another technique, 

namely distorting the beam phase in such a way that much of 

the energy couples in to the higher-order modes of the 

fibr~,~ rather than the fundamental mode that carries the 
signal..The~beam phase distortion may alternatively be 

25 used alone. 

3O 

In an embodiment, these methods are achieved by ~ 

dividing the area of the SLM on which the beam is incident 

into a set of ,power controlling’ stripes- The long side 

of the stripes are at least substantially in the plane in 

which th~ input and output-beam are travelling. By varying 

the relative phase in the stripes the coupling efficiency. 
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into the fundamental mode of the output fibre is changed, 

and hence the throughput efficiency of the optical system 

is set. This method can be applied to a pixellated device 

that is also routing or otherwise adapting a beam. In this 

case each ’stripe’ would contain between one and many of 

the pixels already in use. 

Alternatively the long side of the power controlling 

stripes could be in one plane in one electrode, with the 

long side of the routing pixels in an orthogonal direction 

in the other electrode, of which either the stripe 

electrodes, or the pixellated electrodes, or both, are 

transparent- 

Alternatively the device acts solely as a beam power 

controller, or channel equaliser. In this case each stripe 

could be a single pixel. The set of stripes for each beam 

defines a block. Many blocks could be placed side by side 

to form a row of blocks, with each block in the row 
providing channel equalisation for a different beam. 

Many 

rows could also be provided so as Lto provide channel 

equalisation for signals coming in on different input 

fibres. 

25 

3O 

If a pair of confocal focusing elements is disposed 

between the output fibre and SLM then the output fibre 

receives an image of the field at the SLM. In this case 

the attenuation at the output fibre is governed by the 

orthogonality between the image and the fundamental mode of 

the fibre. Assuming, and without loss of generality, that 

a perfect image is formed such that sharp phase 

discontinuities are preserved, it may be shown that the 
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coupling efficiency into the fundamental mode is 

proportional to the square of a sum of weighted integrals. 

The weight is the modulation exp i@ applied by a stripe, 

and the associated integral is over the area onto which 

5 that stripe is imaged. The integrand is positive and 

depends on the square of the iocal electric field 

associated with the fundamental mode. Each integral is 

represented as a phasor, with a length depending on how 

much of the fundamental mode power passes through the 

I0 region onto which the stripe is imaged, and a phasor angle 

depending on the. phase modulation. The net coupling 

efficiency is given by the magnitude of the vector 

summation of the individual phasors associated with each 

stripe. For simple devices it may be advantageous to use 

15 as few stripes as possible as this reduces any losses due 

to dead space between the stripes and reduces the control 

compiexity, with only two stripes of approximately equal 

area (and hence two phasors of approximately equal length) 

the possible vector sums lie on a semicircle and hence the 

20 number of possible grey levels is equal to the number of 

phase levels between 0 and pi, which may not be sufficient. 

Transverse offset of the output fibre with respect to the 

centre of the image has the effect of making the two 

phasors unequal and hence complete extinction is not 

25 possible. These problems may be overcome by using three or 

more stripes per hologram. For example with three stripes 

the loci of vector sums lie on circles centred about the 

semicircle taking just two of the stripes into 

consideration. Hence many more values are possible. 

30 Increasing the number of stripes increases the number of 

grey levels and the depth of attenuation. 
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A fibre spool is used on the output fibre before any 

splices are encountered. It will clear to those skilled in 

the art that other mode stripping devices~ or techniques 

could be used instead. 

This system can also be adaptive: given k~owledge of 

the applied phase by each stripe and enough measurements of 

the coupling efficiency, the lengths of the different 

phasors associated with each stripe can be calculated. 

Given these lengths the performance can be predicted for 

any other applied phases. Hence suitable algorithms c~n be 

included in the SLM or interface to train and adapt the 

device performance to cater for transverse offset of the 

output fibre and other misalignments. 

Sharp edges or phase discontinuities in this image 

will be eroded by the bptical modulation transfer function- 

(MTF) but, nevertheless, where a sufficient number of 
stripes is provided it is possible to vary the phase 

modulation of each and achieve a wide range of attenuation. 

Ultimately what limits the depth of attenuation is the 

residual zero-order due to, for example, an imperfect 

quarter-wave plate or Fresnel reflections from different 

25 surfaces inside the SLM such that the reflected light has 

not yet been phase-modulated. An example reflection i~ 

from the interface between the cover glass and transparent 

electrode. Such residual zero orders will couple into the 

output fibre independently of the phase modulation. In 

30 many cases the residual zero order will have a different 

polarisation state to the beam that has been properly 
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processe~d by the phase modulation, so even adapting the 

phase modulation will not recover the depth of attenuation. 

.In such cases it is advantageous to apply some. routing 

to the output fibre, such that the zero order is offset 

from the output fibre and the intended output beam is 

steered into a diffraction order of the routing hologram. 

For a many-pixellated SLM this may be achieved using the 

standard routing algorithm described earlier. For a simple 

SLM with few pixels, e.g. the one with the stripes in the 

plane of the input and output fibres, these stripes can be 

subdivided in an orthogonal direction, that is to create a 

2-D array of pixels. This however increases the device 

complexity. 

15 

An alternative simple device is to combine it with a 

tip-tilt beam-steering element, as described in Optics 

Letters, Vol. 19, No 15, Aug i, 1994 ~Liquid Crystal Prisms 

For Tip-Tilt Adaptive Optics" G D Love et al. In this case 

20 the top ’common electrode’ is divided into a set of top 

electrodes, one for each device, where each device is 

assumed to receive a separate beam or set of beams. Each 

top electrode has different voltages applied on two 

opposite sides. The shape of the top electrode is such 

25 that the voltage between the electrodes varies nonlinearly 

in such a way as to compensate for the non-linearity of the 

phase vs. applied volts characteristic of the liquid 

crystal. Hence with all the stripe electrodes at the same 

voltage the device provides a linear phase ramp acting like 

30 a prism and deflecting the phase-modulated beam in a pre- 

defined direction, such that the residual zero order falls 

elsewhere, as required. Changing the stripe electrode 
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voltage causes phase changes in the imaged beam but does 

not prevent the deflection. Small adjustments in the phase 

ramp can be used to compensate for component misalignments 

and/or curvature of the SLM substrate and/or wavelength 

difference from the design wavelengtb for the tip-tilt 

device. Such small adjustments in the phase ramp can also 

be used to achieve fine control’over the attenuation. 

Hence such a device would be useful whether or not the 

required attenuation is sufficiently strong for £he 

10 residual zero Order to become a problem. Alternatively the 

top electrode can be divided into two or more areas, with 

the shape of each so as to compensate for the phase vs. 

volts non-linearity. Varying the voltage on the ends of 

each electrode can be used to offset the phase modulation 

of each stripe in order to create the desired attenuation. 

In hhis case the aluminium electrode would be common to the 

device, removing dead-space effects. 

In another embodiment of the tip-tilt device, the top 

20 electrode is common to all devices and a shaped transparent 

electrode is provided, e.g. by deposition, on top of the 

quarter-wave plate, with connections to the SLM circuitry 

to either side of the device. In this case the aluminium 

may act only as a mirror and not as an electrode. Again 

25 the shaped transparent electrode may be subdivided into two 

or more areas to provide the attenuation. This embodiment 

avoids dead-space effects and also a voltage drop across 

the quarter-wave plate. 

3O In a further embodiment, such a tip-tilt device has a 

shaped transparent electrode on both cover glass and 

quarter-wave plate. The planes of tip-tilt for the two 
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devices may be orthogonal or parallel. With two parallel 

tip-tilt electrodes the device may act as a power- 
controlling two-way switch, and also, as will be described 

later, can be.used in a multi-channel add/drop multiplexer. 

With two orth0gonal tip-tilt electrodes the device can beam 

steer in 2-dimensions suchas to correct for positional 

errors. Either of the two tip-t±lt electrodes can be 

subdivided so as to provide attenuation. 

to One advantageous SLM is that described in our co- 

pending patent application EPI053501. 

If there is a single focusing element between the 

output fibreand SLM then the field at the output fibre is. 

15 the Fourier Transform of the field leaving the SLM. In 

thi’s case three classes of phase modulation can be used to 

c~ange the coupling efficiency into the output fibre. The 

first two classes assume a many-pixellated SLM while the 

third class assumes a few-pixel SLM with or without tip- 

20 tilt features as described earlier. In the third class the 

~ tip-tilt feature may be used to compensate for transverse 

positional errors in the input and output fibre. 

3O 

The different classes of phase modulation result in a 

variable coupling efficiency at the output fibres using the 

following methods: 

As noted above, the first class uses a many-pixellated 

SLM. A periodic phase modulation is applied that creates a 

set of closely spaced diffraction orders at the output 

fibre. The spaci’ng is comParable to the fibre mode spot 

size such that there is significant interference between 
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the tails of adjacent diffraction orders. The phases of 

these diffraction orders are chosen such that the resulting 

superposition is rapidly alternating in phase and therefore 

couples into the higher-order fibre modes. Varying the 

strength, phase and position of each diffraction order 

changes the attenuation. If the long sides of the stripes 

used to create this alternating output field are in the 

plane of the input and output fibres, then diffraction 

orders landing outside the target optical fibre fall along 

a line orthogonal to the output fibre array, and therefore 

do not cause crosstalk. 

15 

In the second class, again using a many-pixellated 

SLM, a non-periodic smoothly varying non-linear phase 

modulationis applied at the SLM, in this case the SLM acts 

as a diffractive lens such that the beam is defocused and 

couples into higher-~rder modes, 

In the third class, which uses a simple SLM with few 

~ pixels, the pixels are used to apply phase distortion 

across the beam incident on the SLM. Such phase modulation 

can be considered to be equivalent to the first class but 

with a long period. The phase distortion at the SLM 

results in amplitude and phase distortion in the reflected 

25 beam and hence reduces the coupling efficiency into the 

output fibre. 

3O 

Again, all three methods require use of a mode 

stripper on the output fibre. Again suitable algorithms 

can be included in the SLM or interface to train the 

system.                          ¯ 
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Another embodiment, not illustrated, uses a graded- 

index (GRIN) lens secured to one face of an SLM, and having 

input and output fibres directed on or attached to the 

opposite face. The SLM may provide selective attenuation, 

5 and/or may selectively route between respective input 

fibres and selected output fibres. A requirement for 

stable performance is fundamental for optical devices used 

in communications and like fields. One of the dominant 

manufacturing costs for such optical devices is device 

I0 packaging. The GRIN lens architecture results in a compact 

packaged device resilient to vibrations. However, the 

architecture can have problems with spherical aberration 

and problems in achieving the required alignment accuracy. 

In particular there is often a requirement for precise 

15 transverse positioning of the fibres. Also due to 

manufacturing tolerances in the GRIN lens the focused spot 

in the reflected beam can be offset significantly in the 

longitudinal direction from the end f~ce of the output 

fibre, resulting in an insertion loss penalty. This 

20 problem gets worse the longer the GRIN lens. Applying 

selected non-linear phase modulation to the SLM may 

compensate for problems such as focus errors, length 

errors, longitudinal positional errors and spherical 

aberration. Applying selected linear phase modulation to 

25 the SLM and/or using tip-tilt electrodes may compensate for 

problems such as transverse positional errors. 

3O 

Optical systems using SLMs may individually process 

the charunels from an ensemble of channels on different 
wavelengths, entering the system as a multiplex of signals 

in a common beam. Given a continuous array of pixels the 

SLM may also process noise between the channels. Hence the 
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optical system acts as a multiwavelength optical processor. 

The processing may include measurement of the 

characteristics of the signals and accompanying noise as 

well as routing, filtering and attenuation. 

in a first application, the SLMs carry out 

attenuation, known in this context as Channel equalisation. 

A second application is a channel controller. A third 

application is an optica! monitor. A fourth application is 

an optical test set. A fifth application is add/drop 

multiplexing. Further applications are reconfigurable 

wavelength demultiplexers and finally modular routing 

nodes. In all of these applications the SLMs may carry out 

routing and/or power control and/or beam shaping and/or 

15 sampling and/or corrective functions as described earlier. 

The system to be described is not reshricted to this set of 

seven applications but is a general multi-wavelength system 

architecture for distributing the wavelength spectrum from 

one or more inputs across an array of devices.and 

20 recombining the processed spectrum onto one or more 

selected outputs. 

The inputs and outputs may be to and from optical 

networking equipment such as transmission systems, 

25 transmitter line cards and receiver line cards. 

Alternatively the inputs may be from one or more local 

optical sources used as part of a test. set: either via an 

intermediate optical fibre or emitting directly into the 

optical system. The outputs may be to one or more local 

30 photo detectors for use in testing and monitoring. 

Applications outside the field of communications are also 

possible such as spectroscopy. 
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Such multi-wavelength architectures can be adaptations 

of optical architectures used for wavelength de- 

multiplexing. Wavelength demultiplexers typically have a 

5 single input port and many output ports. These can use one 

or more blazed diffraction gratings: either in free-space 

or in integrated form such as an AWG (Arraye~ Waveguide 

Grating). These devices are reciprocal and hence work in 

reverse. Hence if a signal of the appropriate wavelength 

I0 is injected into the output port it will emerge from the 

input port. The output port usually consists Of an optical 

waveguide or fibre with an accepting end that receives a 

focused beam from the optical system and a delivery end 

providing an external connection. Now consider replacing 

15 the acceptance end of the output waveguide/fibre with a 

reflective SLM: all of the processed signals reflected 

"straight back will couple into the input fibre and emerge 

from the input port. These signals can be separated from 

the input signal with a circulator. A!ternatively the 
20 system is adapted so that the reflected signals emerge and 

are collected together into a different fibre. 

Free-space optical systems Performing wavelength de- 

multiplexing can use diffraction gratings made by ruling, 

25 or from a master, or made holographically, or by etching. 

Usually these work in reflection but some can work in 

transmission. One or two gratings can be used in the 

system. The optics used to focus the beams can be based on 

refractive elements such as lenses or reflective elements 

30 such as mirrors or a combination of the two. 

Referring to Figure 12, a channel equaliser 350 has a 

single grating 300 used with a refractive focusing element 
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310 and an SLM 320. To make the diagram clearer, the , 

grating 300 is drawn as working in transmission. Other 

embodiments use two gratings and/or reflective focusing 

elements and/or gratings that work in reflection, such as 

blazed gratings. 

I0 

15 

A first input beam 301 from an input port 304 contains 

an ensemble of channels at different wavelengths entering 

the equaliser on the same input port 304. As a result of 

the grating 300 the beam 301 is split into separate beams 

301a, 301b, 301c for each wavelength channel, each 

travelling in a different direction governed by the grating 

equation. The grating 300"is positioned in the input focal 

plane of a main routing lens 310 with a reflective SLM 320 

at the output focal plane of the routing lens 310. If 

desired, there may also be a field-flattening lens just in 

front of the SLM 3-20. 

If lens 310 were an ideal lens, rays passing through 

20 the same point on the focal plane of the lens, regardless 

of direction provided they are incident on the lens~ emerge 

mutually parallel from the lens. As lens 310 is not a real 

lens, this is no longer strictly true: however well-known 

lens design techniques~can be applied to make it true over 

25 the. required spatial window. 

3O 

Hence, the beams 301a, 301b, 301c that were incident 

upon the lens 310 from the same point on the focal plane, 

but at different angular orientations, emerge mutually 

parallel from the routing lens 310, but spatially separate. 

Thus, the lens refracts each beam to a different transverse 

position 320a, 320b, 320c on the SLM 320. At each position 
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the SLM 320 displays a pixellated hologram and/or has a 

tip-tilt device for processing the relevant wavelength 

component of the beam. In the preferred embodiment, the 

SLM 320 is a continuous pixel array of phase-modulating 

elements and is polarisation independent. The width of 

each hologram or tip/tilt device compared to the spot size 

of the incident beam incident is sufficient to avoid 
clipping effects. Instead, or additionally, beam shaping 

may be used. The device may be controlled to deflect or 

attenuate the beam as described earlier, and provides 

output processed beams 302a, 302b, 302c. Beams 302a and 

302b have moderate channel equalisation applied by a power 

control hologram and routing towards the output port 305 

applied by a routing hologram. As explained previously it 

is advantageous to use a routing hologram as it deflects 

thebeams from their specular output direction and hence 

increases the available depth of attenuation. Beam 302c 

has strong attenuation applied in order to ~block" the 

channel: this is achieved by selecting holograms that 

direct the light well away from the output port 305 

towards, for example, an optical absorber 306.. The 

processed beams are reflected back from the SLM 320 towards 

the main lens 310 and then refracted back by the main lens 

towards the diffraction grating 300. Assuming the SLM 320 

is flat, all beams subjected to the same defl~ction at the 

SLM 320 and entering the system in the same common input 

beam emerge mutually parallel from the diffraction grating. 

Curvature of the SLM 320 is compensated by small changes in 

the deflection angle achieved due to the holograms 

displayed on the SLM 320. As the light beams 302a, 302b 

emerge parallel from the SLM 320 they are refracted by the 

lens 310 to beams 303a, 303b propagating towards a common 
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point in the grating 300, which (having the same grating 

equation across the whole area of concern) diffracts the 

beams to provide a single output beam 302. Note that due 

to the action of the lens, beam 303a is parallel (but in 

5 the opposite direction) to beam 301a and beam 303b is 

parailel (but in the opposite direction) to beam 301b. 

Therefore all beams subjected to the same eventual output 

angle from the SLM 320 are collected into the same output 

port 305. Hence a system may be constructed with a single 

input port 304 and a single output port 305 that produces 

independent attenuation or level equalisation for each 

wavelength channel. Note that to obtain the same 

deflection angle for all wavelength channels, as required, 

the effective length of the hologram phase ramp, ~/m, where 

15 m is the mode number of the excited diffraction order and ~ 

is the hologram period, should be adjusted in proportion to 

the channel wavelength. That is the wavelength dependence 

of the beam deflection should be suppressed. 

20 As described later the channel equalisation can be 

uniform across each channel so as to provide the required 

compensation as measured at the centre of each channel. 

Alternatively the channel equalisation can vary across each 

channel, so as to compensate for effects such as amplifier 

25 gain tilt that become important at higher bit rates such as 

40 Gb/s. Channels may be blocked as described earlier so 

as to apply policing to remote t~ansmitters that renege on 

their access agreements or whose lasing wavelength has 

drifted too far. Furthermore the noise between selected 

30 channels may be partially or completely filtered Qut, as 

described later. Hence in a second application the 
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multiwavelength optical processor acts as a channel 

controller. 

Although such processing can be applied using 

5 conventional optics the multiwavelength optical processor 

has a number of advantages. Compared to a series of 

reconfigurable optical filters the multiwavelength 

processor has the advantage that the channels are processed 

by independent b!ocks of-pixels. Hence reconfiguration of 

]0 the processing applied to one or more selected channels 

does not cause transient effects on the other channels. 

Compared to a parallel optical architecture that separates 

the channels onto individual waveguides/fibres before 

delivery to a processing device (and hence avoids the 

15 transient effects) the multiwavelength optical processor 

has a number of advantages. Firstly it can process the 

whole spectrum entering the processor (subject to the 

grating spectral response). Secondly the filter passband 

width is reconfigurable and can be as much as the entire 

20 spectrum, reducing concatenation effects that occur when 

filtering apart sets of channels routed in the same 

direction. Thirdly the filter centre frequencies are 

reconfigurable. Further advantages are discussed later in 

this application. 

25 

3O 

By having a choice of two or more deflection angles at 

the SLM every, input channel may be routed independently to 

bne of two or more output ports. There may also be two or 

more input ports. It may be shown that for one or more 

parallel input beams, the action of the grating and main 

routing lens is such that all channels at the same 

wavelength but from different input ports are incident at 
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the same transverse position at the SLM. Again this is 

because "parallel rays converge to the same point". Hence 

these channels at the same wavelength are incident on the 

’same channel processing hologram and/or tip-tilt device. 

5 As every wavelength chanmel is incident on a different 

device, the device response may be optimised for that 

particular wavelength. For example if a pixellated SLM is 

used the deflection angle is proportional to the 

wavelength. Hence small adjustments in the phase ramp can 

be used to adjust the deflection angle to suit the 

wavelength to be routed. All ~hannels incident on a 

particular transverse position on the SLM must be reflected 

from that same position. As this position is in the focal 

plane of the lens beams from said position will emerge 

15 parallel from the lens and travelling towards the grating. 

After the grating the beams will be diffracted (according 

to their wavelength). It may be shown that all beams 

entering the system in a parallel direction will emerge 

from the system in exactly the opposite direction. It may 

20 also be shown that all beams subject to the same output 

angle from the SLM will emerge coincident from the system 

and may therefore be collected into the ~ame port. 

Analysis of the beams at the diffraction grating in 

25 this architecture shows that the spot size required for a 

given wavelength channel separation and beam clipping 

factor C at the hologram depends on the grating dispersion 

but does not depend on the routing lens focal length nor 

the number of output ports. The beam centres must be far 

30 enough apart to provide adequate crosstalk suppression. 

Hence the greater the number of output beams the further 

the beam must be steered by the SLM and lens. As an example 
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consider just routing in I-D, into the m’th diffraction 

order with a hologram period ~ and a routing lens of focal 

length f. The output beam at the diffraction grating will 

be offset from its zero order reflection by a distance 

5 given approximately by f.m.~/~, where ~ is the optical 

wavelength and ~/m is the effective length of the phase 

ramp on the hologram (as explained previously). To 

increase this offset distance the length of the phase ramp 

can be reduced, which tends to require smaller pixels, or 

I0 the lens focal length can be increased. In practice there 

is a lower limit to the pixel size set by the dead space 

losses and the size of the pixel drive circuits, while 

increasing the lens focal length makes the overall system 

longer. This can be a particular problem when there are 

15 many output ports, even when close-packing 2-D geometries 

are used for the output beams. 

Referring to Figure 14, another method is to put a 

demagnification stage between the SLM 400 and a routing 

20 lens 404. This is positioned so that the SLM 400 is in the 

object plane of the demagnification stage while the image 

plane of the demagnifica~ion stage 402 is where the SLM 

would otherwise be, that is in the focal plane of the 

routing lens 404. What appears in this image plane is a 

25 demagnified image of the SLM 400, which therefore acts like 

a virtual SLM 402 with pixels smaller than those of the 

real SLM 400 and hence a shorter effective phase ramp 

length. As an example consider the two lens confocal 

magnification stage shown in Figure 14. In Figure 14 fl is 

30 the focal length of the first lens 401 and f2 is the focal 

length of the second lens 403 .(closer to the virtual SLM). 
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The demagnification is f2/fl while the beam-steering 

deflection angle is magnified by fl/f2. 

While this method for increasing the effective beam 

deflection angle has been described and illustrated in the 

context of one particular routing architecture it could 

also be applied to other optical architectures using SLMs 

.to process an optical beam, for routing and other 

applications. The operating principle is that the virtual 

SLM 402 has. an effective pixel size and hence an effective 

phase distribution that is smaller in spatial extent than 

that of the real SLM 400, by an amount equal to the 

demagnification ratio of the optics. The off-axis 

aberrations that occur in demagnification stages can be 

compensated using any of the methods described in this 

appiication or known to those skilled in the art. 

2O 

In an alternative embodiment the input beam or input 

beams contain bands of channels, each incident on their own 

device. In this and the previous embodiment for the 

channel equaliser the beam deflection or channel 

equalisation may vary discontinuously with wavelength. 

In a third embodiment the input beam could contain one 

25 or more signals spread almost continuously across the 

wavelength range. The light at a particular wavelength 

will be incident over a small transverse region of the SLM, 

with, typically a Gaussian type spatial distribution of 

energy against position. The position of the peak in the 

30 spatial distribution is wavelength dependent and may be 

calculated from the grating and lens properties. For such 

a system the beam deflection orchannel equalisation varies 

continuously with wavelength. The pixellated SLM is 
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divided into blocks, each characterised by a ’central 

wavelength’, defined by the wavelength whose spatial peak 

lands in the middle of the block. A particular channel 

equalisation or beam deflection is applied uniformly across 

this block. Light of a wavelength with a spatial peak 

landing in between the centres of two blocks will see a 

system response averaged across the two blocks. As the 

spatial peak moves towards the centre of one block the 

system response will become closer to that of the central 

wavelength for the block. Hence a continuous wavelength 

response is obtained. The block size is selected with 

respect to the spatial width of each beam in order to 

optimise the system response. This method is particularly 

attractive for increasing the wavelength range of a 1 to N 

switch. 

20 

25 

30 

To achieve this aim the multi-wavelength architecture 

described earlier, should be configured so as to allow 

reconfigurable routing from a single input port to one of a 

set of multiple output ports. The length of the phase ramp 

used to route the beam to each output port should vary 

slowly across the SLM such that the wavelength variation in 

the deflection angle is minimised, or certainly reduced 

considerably compared to the case for which the phase ramp 

length is uniform across the SLM. Hence the transverse 

position of each output beam will vary considerably less 

with wavelength, with a consequent reduction in the 

wavelength dependence of the coupling efficiency at the 

system output. Alternatively, the length of the phase ramp 

can be varied spatially so as to obtain some desired 

wavelength dependence in the coupling efficiency. 
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The efficiency of a blazed diffraction grating is 

usually different for light polarised parallel or 

perpendicular to the grating fringes. In the multi- 

wavelength systems described above the effect of the 

5 quarter-wave plate inside the SLM is such that light 

initially polarised parallel to the grating fringes before 

the first reflection from the blazed grating is polarised 

perpendicular to the grating fringes on the second 

reflection from the blazed grating. Similarly the light 

10 initially polarised perpendicular to the grating fringes 
before the first reflection from the blazed grating is 

polarised parallel to the grating fringes on the second 

reflection from the blazed grating. Hence, in this 

architecture, the quarter-wave plate substantially removes 

15 the polarisation dependence of the double pass from the 

blazed grating, as wel! as that of the phase modulation. 

As is clear t6 those skilled in the art, this polarisation 

independence requires the fast and slow axes of the 

integrated quarter-wave plate to have a particular 

20 orientation with respect to the grating fringes. This 

required orientation is such that the integrated quarter- 

wave plate exchanges the polarisation components originally 

parallel and perpendicular to the grating fringes. 

25 

3O 

Referring to Fig~Ire 28 a wavelength routing and 

selection device 600 is shown. This device has a 

multiwavelength input 601 from an input port 611, and 

provides three outputs 602, 603, 604 at output ports 612- 

614. 

The device 600, similar to the device of figure 12, 

has a grating 620, a lens 621 and an SLM 622, with the 
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disposition of the devices being such that the grating 620 

and SLM 622 are in respective focal planes of the lens 621. 

Again the grating is shown as transmissive, although a 

reflective grating 620, such as a blazed grating, would be 

possible. Equally, the SLM 622 is shown as reflective and 

instead a transmissive SLM 622 could be used where 

appropriate. 

I0 

15 

2O 

The grating 620 splits the incoming beam 601 to 

provide three single wavelength emergent beams 605, 606, 

607 each angularly offset by a different amount, and 

incident on the lens 621. The lens refracts the beams so 

that they emerge from the lens mutually parallel as beams 

615,616, 617. Each of the beams 615,616,617 is incident 

upon a respective group of pixels 623,624,625 on the SLM 

622. The groups of pixels display respective holograms 

which each provide a different deviation from the specular 

direction to provide reflected beams 635, 636 and 637. The 

beams 635, 636, 637 are incident upon the lens 621 and 

routed back to the grating 620. 

25 

In the embodiment shown, the beams 605 and 606 are 

finally routed together to output port 614 and the beam 607 

is routed to output port 612. No light is routed to port 

613 . 

3O 

However it will be understood that by careful 

selection of the holograms, the light can be routed and 

combined as required. It would be possible to route light 

of a selected frequency right out of the system if needed 

so as to extinguish or ~block" that wavelength channel. It 

is also envisaged that holograms be provided which provide 
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o~Iy a zec1~oed amour o~ l±ght to a g±~e~ o~tp~t ~ozt, .the 

rema±~±~ l±ght be±~g .~ro~ded", a~d that :bologram.~ may be 

provided to multicast particular frequencies into two or 

more output ports. 

Although the number of output ports shown is three, 

additional output ports can be included: with appropriate 

lens design the insertion loss varies weakly with the 

number of output ports. Although the output ports are 

shown in the same plane as the input it will be clear to 

those skilled in the art that a 2-D distribution of output 

ports is possible. 

Hence the device 600 provides the functions of 

15 wavelength demultiplexing, routing, multiplexing, channel 

equalisation and channel blocking in a single subsystem or 

module. These operations are carried out independently and 

in parallel on all channels. Reconfiguration of one 

channel may be performed without significant long-term.0~ 

20 transient effects on other channels, as occurs in serial 
filter architectures. With most conventiona! optics 

(including parallel architectures) separate modules would 

be required for demultiplexing, routing, multiplexing and 

the power control functions. This adds the overheads of 

25 fibre interconnection between each module, separate power 

supplies, and a yield that decreases with the number of 

modules. The device 600 has no internal fibre connections, 
and a single active element requiring power - the SLM. 

Each active processing operation (routing, power control, 
30 monitoring etc) requires an associated hologram patter~ to 

be applied by the controller but may be carried out by the 

same SLM, hence the yield does not decrease with increased 
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functionality. Although integrated optical circuits can be 

made that combine different functions, in general they 

require a separate device inside the optical chip to 

perform each function. Again the power (dissipation) and 

the yield worsen with increased functionality. 

Further applications of the multiwavelength optical 

processor are as an optical performance monitor, and as a 

programmable m~itifunction optical test set. In both 

I0 applications the SLM may perform two or more different but 

concurrent monitoring or testing functions on two or more 

portions of the wavelength spectrum. This may be achieved 

by applying routing holograms to the pixel block associated 

with Said portions of the wavelength spectrum that connect 

15 optically a selected input fibre or input optical .source to 

a selected output fibre or output detector. The routing 

hologram applied to each portion of the spectrum may be 

reconfigured as required in order to perfor~l different 

testing or monitoring functions on said portion of the 

20 spectrum. To each output photo detector or to each input 

optical source is applied control circuitry for carrying 

out the required tests. 

Considering firstly the performance monitor, the 

25 method described later to measure the centre wavelength of 

a channel may be applied to a selected channel in order to 

monitor the lasing wavelength. Earlier in this application 

there is a description of how to measure the second order 

moments of a beam. Consider orthogonal axes u and v at the 

50 SLM. Choose the orientation of these axes such that all 

wavelength channels entering the system and incident on the 

grating in the defined parallel direction have the centres 
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of their associated beams along a line of constant v. 

Hence the position along the u axis increases with 

wavelength. The second order moment in the v direction is 

related to the spot size of a monochromatic beam. The 

second order moment in the u direction is related to this 

spot size and also the wavelength distribution of the 

energy in each channel. Hence by measuring second order 

moments, as described previously, an estimate of the 

channel bandwidth may be obtained. The noise power between 

a selected pair of channels may be measured by routing that 

part of the spectrum between the channels towards a photo 

detector. Similarly the power of a selected channel may be 

measured by routing towards a photo detector. One or more 

photo detectors may be assigned to each type of measurement 

allowing many parallel tests to proceed independently on 

different portions of the spectrum. Alternatively the 

control circuitry associated with each photo detector 

output may be designed to be able to perform two or more of 

the required monitor functions. 

2O 

25 

3O 

Hence the multiwavelength optical processor acts as an 

optical spectrum analyser with integrated parallel data 

processing. Conventional methods for achieving this use 

either a grating that is rotated mechanically to measure 

different portions of the spectrum with a photo detector in 

a fixed position, or a fixed grating with a linear 

photodiode array. In both cases data acquisition hardware 

and software and data processing are used to extract the 

required information from the measured spectrum. Both 

systems are expensive and require stabilisation against the 

effects of thermal expansion. The multiwavelength optical 

processor has no moving parts, can use as few as a single 
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photodiode, and can adapt the holograms to compensate for 

temperature changes, ageing, aberrations as described 

previously in this application. The multiwavelength 

processor also carries out the data processing to measure 

5 centre wavelength and channel bandwidth in the optical. 

domain. When used in a communications network the optical 

performance monitor would pass the processed data from the 

measurements to a charrnel controller, such as the one 

described previously, and also to a network management 

system. The signal for monitoring would be tapped out from 

a monitor port at the charunel controller or from a routing 

system or from elsewhere in the network. The monitor 

processing could be implemented with the same or a 

different SLM to the channe! controller. Monitor 

15 processing can also be implemented with the same or 

different SLMs used to route beams in the add drop routers 

and routing modules described later in this application. 

The control electronics for the monitor processing can be 

integrated with the control electronics for the pixel 

20 array. 

With reference to figure 30, the programmable 

multifunction optical test set 900 has a multiwaveleng~h 

optical processor 928 with one or more inputs 901, 902 from 

25 optical sources, 903, 904 each with control circuitry 905, 

906 for performing one or more tests of optical 

performance. The channel equalisation and blocking 

functions described earlier may be used to adapt the 

spectrum of the selected source to suit a particular test. 

30 The channel filtering functions described later may be used 

to slrnthesise a comb or some other complex wavelength 

spect[um from a selected broadband optical source. A 
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further input 907 from an optical source 910 may be used tO 

exchange data and contro! information from control and 

communications software 929 with the same 900 or one or 

more other optical test sets, allowing remote operation 

over the fibre under test, or some other fibre. One or 

more outputs ports 911, 912 from the multiwavelength 

optical processor are connected t~ a set of optical fibre 

transmission systems (or other devices) 913, 914 to be 

tested. Routing holograms are applied to the pixels 

associated with the selected parts of the spectrum to 

direct said parts of the spectrum or said data and control 

information to the selected output port. A further or the 

sam~ multiwavelength optical processor has input ports 917, 

918 connected to the set of optical fibre transmission 

systems (or other devices) 915, 916 under test and output 

ports 919, 920 connected to a set of one or more photo 

detectors, 921, 922 each with associated contr~l circuitry 

925~ 926 for carrying out testing functions. A further 

photo detector 924 connected to a further output port 923 

is used to receive data and control information from. one or 

more other test sets. Routing holograms are applied to 

direct the signals from the selected input port to the 

required photo detector. The optical monitor functions 

described above can be applied to the signals. The 

frequency shaping.of the source or spectrum can take place. 

at the transmitting test set or the receiving test set. 

The control electronics for the test set 927 and control 

and communications software 929 can be integrated with the 

control electronics for the pixel array. 

Conventionally, different optical sources would be 

used to perform different types of test on the wavelength 
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test~ a separate optical switch would be used to poll the 

devices under test, and an external communications link 

would be used for communication of data and control 

information with a remote test set. However, the 

multiwavelength optical processor may be used to provide a 

multifunction programmable optical test set that is capable 

of remote operation. The test set may include as few as a 

single source and a single photo detector and performs a 

wide range of tests on fibres or devices selected from a 

group of fibres or devices attached to the test ports of 

the multiwavelength processor. 

A multiwavelength system with two inputs and two 

15 outputs can work as an add/drop multiplexer. Add-drop 

multiplex~rs are usually used in ring topologies, with the 

’main’ traffic travelling between the ring nodes, and 

"local" traffic being added and dropped at each node. 

Considering each node, one input (main in) is for the 

20 ensemble of channels that has travelled from the ’previous" 

routing node. The second input (add) is for the ensemble 

of channels to be added into the ring network at the 

add/drop node. One output (main out) is for the ensemble 

of channels travelling to the ’next’ routing node while the 

25 second output (drop) is for the ensemble of channels to be 

dropped out of the ring network at the node. If a 

particular incoming wavelength channel is not to be 

’dropped’ at the node, then the channel-dedicated device at 

the SLM should be configured to route the incoming 

30 wavelength from the main input to the main output. 

~owever, if a particular incoming wavelength channel is to 

be dropped, then the channel-dedicated device at the SLM 
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should be configured to route the incoming wavelength from 

the main input to the drop output. In this case the main 

output now has available capacity for an added channel at 

that same wavelength. Therefore the channel-dedicated 

device at the SLM should also be configured to route the 

incoming wavelength from the add input to the main output. 

The multiwavelength optical processor described in 

this application distributes wavelength channels across and 

10 collects the wavelength channels from a single SLM, 

allowing the SLM to provide a set of one or more processing 

operations to each of the channels. However, in.most 

conventional reconfigurable add drop multiplexers, the 

routing has to be carried out in two successive stages. 

Usually a first Ix2 switching stage either drops the 

channel or routes the channel through, while a second 2xl 

switching stage either receives the through channel from 

the firs~ stage or receives an added channel. Fortunately, 

careful choice of the deflection angles applied by the SLM, 

20 and the sharing of the same hologram by input signals at 

the same wavelength, allows add drop routing to be carried 

out in a single stage. Hence add drop routing may be 

conveniently applied in an independent and reconfigurable 

manner to every wavelength channel in the multiwavelength 

25 optical processor. 

An explanatory diagram is shown in Figure 13a. 

3O 

Referring now to Figure 13a, an SLM 141, used in the 

context of the multi-wavelength architecture, has a pixel 

block 140 and/or tip-tilt device upon which a main input 

beam 130 is incident, at an angle ml to the normal 142. 
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The main beam has a zero order or specular reflection 130a. 

Holograms are made available that will cause deflections at 

+Sz to the specular direction and -82 to the specular 

direction. Due to the display of a first hologram on the 

pixel block 140, the main output is deflected by +Sz from 

the specular direction to a main output beam 132. An add 

input 131 is incident at an angle al on the block 140, and 

produces a zero order reflection 131a. The device also has 

a drop output beam direction 133. 

When the hologram applying the deflection of +8~ is 

displayed, light at the relevant wavelength entering in the 

add direction 131 is not steered into either of the main 

output beam direction 132 or the drop output beam direction 

133. Effectively it is ’grounded’. This feature may be 

used to help to stop crosstalk passing between and around 

rings. 

2O 

When the hologram applying the alternative deflection 

of -82 is applied, the add input is routed to the main 

output beam direction 132 while the main input is routed to 

the drop output beam direction 133. 

In the interests of clarity, a simplified diagram may 

~ be used to explain an add-drop using I-D routing. This is 
shown in figure 13b in which the point 134 represents the 

output position of the specular reflection from the add 

input while the point 135 represents the output position of 

the specular reflection from the main input. When a first 

30 routing hologram is applied the main output beam is 

deflected by an angle of +81 and therefore the output 

position of the main beam is deflected by an offset of f.Sx, 
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compared to the output position 135 of its specular 

reflection. Here f is the focal length of the routing 

lens. In figure 13b this deflection is represented as a 

vector 136a and the output beam is routed to the main 

output 137. The beam from the add input is subject to the 

same angular deflection with respect to its specular 

reflection and is thus deflected by a vector of equal 

length and the same direction 136b with no output port to 

receive it this beam is ~grounded". When a second routing 

hologram is applied the main output beam is deflected in 

the opposite direction by a vector 138a to arrive at a drop 

output 139. The beam from the add input is deflected by an 

identical vector 138b to arrive at the main output 137. 

15 The example in Figure 13a assumes I-D routing due to 

the hologram. Given an ability to route in 2-D, either 

with two orthogonal .tip-tilt electrodes or a ~-D pixel 

array (as described previously) the arrangement of the four 

ports can be generalised, as shown in Figure 15. The use 

20 of 2-D routing allows closer packing of the input and 

output beams reducing off-axis aberrations. In Figure 15 

the output positions are shown in 2-D. The point 151 

represents the output position of the zero order (specular) 

reflection from the add input while the point 152 

25 represents the output position of the zero-order reflection 

from the main input. The hologram deflections are 

represented as vectors 155a, 155b, 156a and 156b. vector 

155b has the same length and direction as vector 155a and 

vector 156b has the same length and direction as vector 

30 156a. When a first routing hologram is applied the add 

input beam is deflected from its specular output position 

151 by the vector 155b to the main output 154 while the 
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main input is deflected from its specular output position 

152 by the identical vector 155a to the drop output 153. 

When the alternate routing hologram is applied the main 

input is deflected from its specular output position 152 by 

the vector 156a to the main output 154 while the add input 

is again ,grounded’ due to deflection by the identical 

vector 156b. 

I0 

15 

2O 

25 

3O 

In this general configuration there are six variables. 

These are the output positions of the main output and drop 

output, the positions of the zero order reflections from 

the main input and add input, and the two hologram 

deflections. Of these six variables only three are 

mutually independent. 

For example, selection of the input position for the 

main input with respect to the routing lens axis defines 

the output position of the zero order reflection, 152. If 

this is followed by selection of the output positions for 

the main and drop outputs with respect to the routing lens 

axis then all three independent variables have been 

defined. Hence the required hologram deflections are 

determined as is the input position for the add input with 

respect to the routing lens axis (which then defines 151). 

Figures 13a, 13b and 15 show the hologram deflections 

.required to provide add-drop routing: figures 13a and 13b 

assume I-D routing w~ile figure 15 assumes 2-Drouting. A 

multiwavelength add-drop architecture using such hologram 

deflections is shown in figure 29. Compared to other 

methods for achieving add-drop functionality, the 

advantages are as described previously for figure 28. 
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Turning now to Figure 29, an add/drop multiplexer 

device 700 has two input ports 701, 702 and two output 

ports 703,704. The first input port 701 is for an input 

5 beam 711 termed "add" and the second input port 702 is for 

a second input beam 712 termed ’"main in" having two 

frequencies in this embodiment. The first output port 703 

is for a first output beam 713 termed "drop" and the second 

output port 704 is for a second output beam 714 termed 

I0 ,,main out" 

The input beams 711, 712 are incident upon a grating 

720 that deflects the beams according to wavelength to 

provide emergent beams 731, 732 and 733. The emergent 

15 beams 731, 732 and 733 are incident upon a lens 722 having 

its focal plane at the grating 720, and the beams emerge 

from t~e lens respectively as beams 741, 742, and 743 to be 

incident upon an SLM 722 in the other focal plane of the 

lens 721. As the beams 741, 742 do not originate on the 

20 grating 720 from the same location, they are not mutually 

parallel when emerging from the lens 721. The beam 743 is 

from a point on the grating 720 common to the origin on the 

grating 720 of beam742, and hence these beams are mutually 

parallel. Although the grating is drawn as transmissive 

25 and the SLM as reflective, these types are arbitrary. 

3O 

The first beam 731 and the third beam 733 are at the 

same wavelength, hence they emerge parallel from the 

grating 720 and are refracted by the lens 721 propagating 

as beams 741 and 743 respectively to a first group or block 

of pixels 723 on the SLM 722. This pixel block 723 applies 

the required hologram pattern that routes a channel 
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entering.the add port 701 to the main output 704, and also 

routes a channel entering the main input 702 to the drop 

port 703. Hence the first group of pixels 723 deflects the 

first beam 741 to provide first reflected beam 751, and 

deflects the third beam 743 to provide third reflected beam 

753 . 

The second beam 732 is at a different wavelength to 

the first and third beams 731 and 733 and therefore emerges 

I0 at a different angle from the grating 720. This third beam 

is refracted by the lens 721 and propagates as beam 742 to 

a second group of pixels or pixel block 724 on the SLM 722. 

This second group of pixels applies the hologram pattern 

that routes a channel entering the main input port 702 to 

15 the main output port 704 and ~grounds" a channel entering 

theadd port 701. The second group of pixels 724 deflects 

the second beam 742 to p~ovide the second reflected beam 

752. The holograms on the first and second groups of 

pixels are selected, (examples were described for figures 

20 13a, 13b and 15), so that the first and second reflected 

beams 751,752 are mutually parallel; the third beam 753 is 

routed in a different direction. The consequence of this 

is that the first and second beams 751,752, after passing 

again through the lens 721 become incident at a common 

25 point 726 on the grating 720, and emerge as main out beam 

714. The third beam 753 is incident upon a different point 

on the grating 720 and emerges into as the drop beam 713. 

3O 

In most cases ring networks are bi-directional, with 

separate add/drop nodes for each direction of travel. In 

some networks a loopback function is required. This allows 

isolation of one segment of the ring in case of link 
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failure, for example- It also allows the transmission 

systems for both directions of a link between two nodes to 

be tested from a single node. This latter function is 

useful to confirm that a failed link has been repaired. 

Loop backrequires the main input on each add/drop node to 

be routed to the main output on the other add/drop node, as 

shown in F±gure 16. 

The figure shows a first module 161a and a second 

module 161b. The first module 161a has a main input 162a, 

an add input 166a, a loop back input 165a, a main output 

163a, a drop output 167a and a loop back output 164a. The 

second module 161b has a main input 162b, an add input 

166b, a loop back input 165b, a main output 163b, a drop 

output 167b and a loop back output 164b. 

The node is divided into two sides: a "west side 168 

and an east side 169. Loop back may be required for one or 

for both sides of the node. Channels coming from the ring 

enter the first module 161a on a main input 162a and enter 

the second module 161b on a main input 162b. In normal 

operation through channels will be routed from the main 

input 162a to the main output 163a and from the main input 

162b to the main output 163b. 

In loop back operation for the west side 168 the 

through channels entering the input 162a on the first 

module 161a are routed to the loop back output 164a. This 

output 164a is connected to the loop back input 165b of the 

second module 161b. In loop back operation for the west 

side all channels entering the input 165b are routed to the 

main output 163b of the second module 161b. 
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In loop back operation for the east side 169 the 

through channels entering the second module 161b on the 

main input 162b are routed to the loop back output 164b. 

This output 164b is connected to the loop back input 165a 

of the first module 161a. In loop back operation for the 

east side 169 all channels entering the input 165a are 

routed to the main output 163a of the first module 161a. 

The function can be implemented in the-four port add 

drop. node (explained in figures 13, 13a, 15 and 29) by 

selecting a further hologram deflection 179a and 179b, as 

shown in Figure 17. In the four port architecture both 

sides of the node loop back at the same time. This is due 

to the sharing o£ the same hologram by input signals at the 

same wavelength. In figure 17 the vector 179a deflects the 

main input from its specular output position 172 to the 

loop back output 176. The identical vector 179b is applied 

by the shared hologram to the loop back input such that it 
is deflected from its specular output position 173 by the 

identical vector 179b to the main output 175. The other 

vectors 177a, 177b, 178a and 178b are used for normal add- 
drop operation: 174 is the drop output and 171 is the 

specular output position for the add input. 

Wl%en such a.hologram is applied the main input is 

routed to the loopback output and the loop back input is 

routed to the main output. The two add/drop nodes are then 

connected as in Figure 16. 

3O 
The loop back function c~n be implemented in other add 

drop architectures (described later) by reserving drop 
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ports for loop back out and add ports for loop back in. In 
these other architectures the loop back maybe applied to 

just one side of the node, as well as to both sides. 

The method used to provide loop back ports may. also be 

applied to the multiport add d;op (figure 18). This method 

may be used to provide cross connection ports to exchange 
channels between adjacent add drop nodes. 

10 It is also possible to devise holograms for multicast, 

i.e. forwarding an incident light beam to each of several 

outputs, such a hologram can be applied to route the main 

input to two outputs, with vectors 177a and 178a (in figure 

17). In this case the device is performing a drop and 

15 continue function. This is required to provide a 

duplicated path at nodes connecting two touching ring 

2O 

networks. 

25 

3O 

Alternatively, or additionally, additional inputs and 

outputs can be provided so as to have a separate input for 
each added channel and a separateoutput for each dropped 

channel. This saves the expense and space taken up by 

additional filtering and/or wavelength multiplexing 

components that would otherwise be used to combine all 
added channels onto a common add port, and to separate all 

¯ dropped channels to individual receivers. An example 

layout is shown in Figure 18. In such an implementation 

care must be taken that sufficient distance is provided 

between the zero order reflections from each input, and the 

output positions for each output, so as to control the 

crosstalk. In Figure 18 deflection v2 is used to deflect 

channels entering the main input from the specular output 

position m0 to the main output position m2. Deflections v4 
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to v7 are used to route from the four add inputs (with 

specular output positions al, a2, a3 and a4) to the main 

output m2. Identical deflections v4 to v7 are applied by 
the shared holograms to deflect the main input from its 

specular output position m0 to the four drop outputs dl to 

d4. For example if wavelength channels ~5 and ~7 enter on 

add input 2 which has its zero order (specular) reflection 

at a2, the holograms associated with these wavelength 
channels are configured to produce deflection vS Hence 

these two channels will exit from the main output m2. Any 

channels entering the main input on these two wavelengths 

will experience the same hologram deflection, and will then 

exit from output d2. 

In one implementation of the multiwavelength 

architecture the optics between any input fibre and the 

corresponding input beam that arrives at the diffraction 

grating, is such that the beam spot that arrives at the SLM 

is an image of the beam spot that leaves the input fibre- 

similarly the optics between any output beam and the 

corresponding output fibre is such that the beam spot that 

arrives at the output fibre is an image of the beam spot 

that leaves the SLM. An example embodiment that would 

achieve this behaviour is to have an individual collimating 

lens associated with and aligned to every optical fibre. 

3O 

Referring to Figure 27, it is assumed that two 

adjacent channels are being routed in a different direction 

to the channel under consideration. Thus the beam under 
consideration has a first hologram 500, and the two 

adjacent beams have contiguous holograms 501 and 502 

respectively- The beam under consideration has an 
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intensity distribution shown as 510. Hence the energy 

incident from the beam under consideration on the two 

adjacent ho!ograms, shown as 511 and 512, is lost. Given a 

perfect optical system what arrives at the selected output 

5 fibre is a demagnified image of the truncated bea~. Due to 

the way that the optical system works, the cenhre line of 

the beam incident at the output fibre will be lined up with 

the centre of the output fibre (indeed the beam deflection 

angle at the SLM should be adjusted so this is the case). 

I0 

To each wavelength channel there is assigned a block 

of pixels applying the same routing hologram. Preferably 

this block of pixels should be chosen such that an input 

~light beam exactly at the centre wavelength for the channel 

15 arrives at the SLM such that the centre of the beam is 

within a half pi~el’s width of the centre of the assigned 

pixel block. In the presence of thermal’expansion of the 

optomechanical assembly the centre of said beam may arrive 

at a different point on the pixel b!ock resulting in 

20 partial loss of signal as more of the beam tails are lost. 

This problem can be avoided either by expensive thermally 

stable optomechanics or by dynamic reassignment of pixels 

to the blocks associated with each channel. For this to be 

achievable the pixel array should be continuous. This 

25 continuity of the pixel array is advantageous for. thermal 

stability whether or not the imaging criterion used to 

calculate the filter response is satisfied. 

3O 

The way that the architecture behaves is that for all 

parallel beams incident on the grating, the position at 

which the beam at a particular wavelength reaches the SLM 

is independent of the input port. Hence a reference signal 
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of known wavelength will be incident at the same particular 

point on the SLM, whether it comes in with any of the 

signals to be routed, or on a separate input. The method 

to measure the position of the beam centre can be used on 

one or a pair of such reference signals. Given this 

information, an interpolation method can be used to measure 

the wavelength of some other signal entering the system on 

one of its input ports, given the measurement of-the 

position of the centre of the beam associated with said 

other signal. This information can be used to monitor the 

behaviour of the original transmitter lasers, and also to 

inform the controller for the routing system. 

2O 

Furthermore, given the position of said reference 

beams as they reach the SLM, and also the centre 

wavelength(s) of (an)other signal(s) entering the system, 

the position of the beam(s) at said centre wavelength(s) 

upon the SLM may also be calculated. This information can 

be used to control, the adjustment of the pixel blocks 

and/or holograms used to route and control said other 

signal(s). Conversely the position of said reference beams 

may be used to select a pixel block that provides a given 

required centre wavelength for a filter. Hence 

reconfigurable assignment of pixel blocks may be used to 

tune the centre wavelength of one or more filter pass 

bands. 

30 

For the purpose of calculating the wavelength 

filtering response it is assumed thaithe centre of the 

beam at the centre wavelength of the channel (shown as 500 

in figure 27) arrives exactly at the centre of the 

associated pixel block. With reference to figure 31, as 
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the wavelength is increased above the centre wavelength of 

the channel the centre line 946 of the beam 940 lands at a 
distance 941 away from the centre 945 of the pixel block or 

hologram 942. As a result of the offset 941 due to 

wavelength difference, the beam loses more energy 943 to 

the adjacent hologram 944. Assuming perfect imaging, what 

arrives at the output fibre is a demagnified image of this 

truncated beam. 

An important difference for the multi-wavelength 

architecture, compared to conventional wavelength 

demultiplexers, is that a wavelength difference from the 

centre of a wavelength channel does not (to first order) 
result in an offset error of the beam at the output. This 

is because of the way the second pass from the grating 

,undoes’ the dispersion of the (fixed) diffraction grating, 
a~ was shown, for example, in figure 12. Hence the 

original centre line of the truncated beam should be 

aligned with the peak of the fundamental mode in the output 

fibre, or, equivalently, aligned with the optical axis of 

the output fibre. Standard methods for the calculation of 

coupling efficiency into single-mode fibres have been used 

to calculate the filter characteristics- Example results 

are in Figures 19 and 20. 

25 
Figure 19 shows the relative transmission Tlo for in- 

band wavelengths as a function of the ratio of the 

wavelength offset u to centre of the wavelength channel 

¯ separation- Each curve in the Figure is for a different 
30 value of the hologram clipping factor (CR) in the range 2 

to ~4: this factor is defined as the ratio of the hologram 

width to the beam spot size at the hologram. 
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Figure 20 shows the relative transmission Thi inside 

the adjacent channel, with u=l at the centre of the 

adjacent channel while u-0.5 is at the boundary with the 

adjacent channel. Again, each curve in the Figure is for a 

different value of the hologram clipping factor (CR) in the 

range 2 to 4. Figures 19 and 20 also show that a change in 

the width of the pixel block assigned to the filter 

passband (that is a change in CR) will change thepassband 
width and e~tinction rate at the edges of the passband. 

Hence reconfigurable assignment of pixel blocks may be used 

to tune the shape and width of the filter pass bands. 

independently of the clipping factor, the suppression 

15 at the edges of the wavelength channel is 6 dB and the full 
width half ms.ximum (FWKM) filter bandwidth is approximately . 

80% of the channel s~paration. Comparison of the different 

curves in Figure 19 shows that the flatter the filter 

passband the steeper the skirts at the edges, leading to 

20 greater extinction of the adjacent channel, as shown in 

Figure 20. 

This behaviour is advantageous as it avoids the usual 

tradeoff between adjacent channel extinction and centre 

25 flatness. Good centre flatness means that the filters 
concatenate better, so more routing nodes using such 

filters can be traversed by a signal before the signal 

spectrum and hence fidelity starts to deteriorate. Good 

adjacent channel extinction is also important as it 
30 prevents excessive accumul~tion of crosstalk corrupting the 

S ignal. 
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For example, in a known conventional wavelength 

demultiplexer the filter pass bands are Gaussian and the 1 

dB and 3 dB filter bandwidths are ±nversely proportional to 

the square root of the adjacent chan~el extinction (in dB), 

such that the greater the extinction, the narrower the 

filter passband. For the same FWHM filter bandwidth of 80 % 

a Gaussian filter would have an adjacent channel extinction 

weaker than 20 dB, leading to crosstalk problems. However 

for the SLM multi-wavelength architecture the adjacent 

channel extinction is better than 30 dB, avoiding such 

problems in. most known networks. 

15 

20 

25 

3O 

As is well-known to those skilled in the art, an 

arbitrary beam incid4nt on an optical fibre couples 

partially into the fundamental mode of the fibre with the 

rest of the beam energy coupling into a superposition of 

the higher order modes of the fibre. The higher order 

modes may be stripped out with a fibre mode stripper. The 

coupling efficiency into the fundamental mode is given by 

the modulus squared of the ratio of an overlap integral 

divided by a normalisation integral. The overlap integrand 

is the product of the incident field and hhe fundamental 

mode. The normalisation integrand is the product of the 

fundamental mode with itself. 

Figures 33 and 34 are included with the aim of 

explaining the behaviour of the ’imaging filter’ as 

described above. Figure 32 shows the truncated incident 

beam profiles 960-964 as the wavelength is increased from 

the centre of the channel under consideration, 960, to the 

centre of the adjacent channel, 964. Truncated beams 961, 

962 and 963 are for wavelength differences of a quarter, a 
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half and three-quarters, respectively, of the channel 

separation. In the diagram the truncated beam profiles are 

offset vertically for clarity. The beam profiles are 

aligned horizontally as they would be physically at the 

5 output fibre; the original centre of each truncated beam is 

aligned with the centre of the fibre fundamenta! mode. 

This is because, as explained above, a wavelength 

difference from the centre of a wavelength channel does not 

(to first order) result in an offset error at the output. 

I0 Beam 965 is the fundamental mode of the fibre. Figure 33 

shows the overlap integrands 970-974 of the truncated 

incident beams with the fundamental mode of the fibre, as 

the wavel~ngth is increased from the centre of the channel 

under consideration, 970, to the centre of the adjacent 

15 channel, 974. The normalisation integrand, 975, is also 

shown. ¯ The results in the figures show that the overlap 

integrand 974 has almost vanished explaining why the 

adjacent channel extinction is very strong. Overlap 

integrands 971 and 972 are for wavelength differences of a 

20 quarter and a half, respectively, of the channel 

separation. These results explain why the overlap 

integrand decreases slowly with wavelength difference in 

this range leading to a flat passband centre. In 

particular for the halfway case, 972, the overlap integral 

25 is exactly half of the normalisation integral (from 

integrating 975). Hence the amplitude transmission 

coefficient at this wavelength difference is a half with a 

power extinction of 6 dB, as was shown in figure 19. 

Therefore two factors are responsible for the excellent 

30 filter characteristics. The first factor is that the field 

incident on the fibre is an image of the field reflected 

from the SLM. The second factor is that the second pass 
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from the grating-undoes the dispersion applied by the first 

pass from the grating, such that whatever the wavelength 

offset inside the collected channel, (to first order), the 

peak of the reflected truncated beam is aligned with the 

peak of the fundamental mode of the fibre. 

By way of comparison, Figures 34 and 35 illustrate the 

filtering process for a conventional wavelength 

demultiplexer. In Figure 34 the centre of a first beam 984 

I0 is aligned with the optical axis 980 of the centre of a 

first optical fibre or optical waveguide 981. Hence the 

first be&m 984 is at the centre wavelength of the channel 

collected by the first optical fibre 981. A second optical 

fibre 983, adjacent to the first fibre 981, has an optical 

15 axis 982. A second beam 988 is aligned with the optical 

axis 982 of this second optical fibre. Hence the second 

beam is at the centre wavelength of the channel collected 

by the second optical fibre, that is at the centre of the 

adjacent optical channel to that collected by the first 

20 fibre. Beams 985 to 987 are at wavelength differences from 

the first beam 984 of a quarter, a half, and three- 

quarters, respectively, of the wavelength separation 

between the two adjacent channels. The coupling efficiency 

of each of the beams 985 to 988 into the first optica! 

25 fibre 981 again depends on the overlap integral of the 

respective beam with the fundamental mode of the fibre 981. 

This is mathematically i~entical to the overlap integral of 

the respective beam with the first beam 984. 

3O Figure 35 shows the overlap integrands 994 to 998 

plotted against a vertical axis 990. The spatial width and 

shape of each curve is identical, as may be shown 
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analytically. Hence the overlap integrand is proportional 

to the amplitude of the curve, as may be read from the axis 

990. CUrve 994 is the overlap integrand at the centre of 

the channel, and is the product of the distribution 984 of 

5 figure 34 with itself. This curve has an amplitude of 1.0 

a!%d hence maximal coupling efficiency. Curves 995 to 997 

are the overlap integrands at wavelength differences from 

the charunel centre of a quarter, a half, and three- 

quarters, respectively, of the wavelength separation 

]0 between the two adjacent channels. Curve 998 is the 

overlap integrand at the centre of the adjacent wavelength 

channel. The coupling efficiency is given by the square of 

the amplitude of the overlap integrand. The results in 

figure 35 show that the coupling efficiency for the 

15 conventional wavelength demultiplexer decreases more 

quickly around the centre of the filter passband than for 

the ~’imaging’ filter discussed in this application. The 

results also show that the adjacent channel extinction is 

weaker for the conventional demultiplexer. 

2O 

Figures 34 and 35 also explain why there is a 

performance tradeoff for the conventional multiplexer 

between filter passband flatness a~d adjacent channel 

extinction: to increase the width of the filter passband 

25 the beams 985-986 must be incident closer to the first 

optical fibre 981. Necessarily the beams 987-988 wil! also 

be closer to the first optical fibre, reducing the 

extinction of the adjacent channel, and requiring the 

second optical fibre 983 to be moved closer to the first 

30 fibre 981. 
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Figures 32 and 33 explain why the imaging filter 

behaves in a different way, such that a broader filter 

passband is associated with a greater extinction of the 

adjacent channel. Beam 960 in figure 32 shows the 

5 truncated reflected beam at the centre of the filter 

passband..The first and second amPlitude discontinuities 

966a, 966b are due to the two edges ofthe hologram. An 

increase in the hologram width relative to the spot size 

moves these two discontinuities outwards. The significant 

I0 amplitude discontinuity in the middle beam 962 is exactly 

at. the centre of said beam, whatever the hologram width. 

This is because said middle beam is associated with a 

wavelength halfway between the centres of adjacent 

channels. Hence the coupling efficiency for this halfway 

15 point is 6 dB, independently of the hologram width. The 

significant amplitude discontinuity in the quarterway beam, 

961, is exactly halfway between thefirst amplitude 

discontinuity, 966a of the centre beam 960 and the 

significant amplitude discontinuity in the halfway beam, 

20 962. As the first discontinuity 966a moves outwards due to 

an increased hologram width (in the direction of arrow 967) 

the significant discontinuity in the qua~terway beam must 

move in the same direction, increasing the overlap integral 

and improving the filter passband centre flatness. 

25 Similarly as the second discontinuity 966b moves outwards 

(in the direction of arrow 968) the significant 

discontinuities in the three-quarter way beam 963 and 

adjacent beam 964 must move in the direction of arrow 968, 

decreasing the overlap integral and improving the adjacent 

30 channel extinction. This explanation reinforces the 

argument that the two factors described above (imaging and 

the second "undoing’ pass from the grating) are responsible 
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for the excellent filter characteristics. This explanation 

also explains how the selection of the width of the block 

of pixels assigned to a channel may control the filter 

passband characteristics. 

Analytically it can be shown that the filter response 

for dropping or adding an isolated channel is purely real. 

Hence there are no phase distortions with this type of 

dropping filter. This is advantageous because in many 

’flat-top’ filters the phase distortions associated with 

the steep skirts may distort the pulses, particularly in 

higher bit-rate transmission systems for which the signal 

bandwidth is broader. 

15 In these calculations it was assumed that the blocks 

of pixels assigned to each wavelength channel are 

contiguous. That is there are no ’guard bands’ of p~xels 

between each block. Further analysis showed that 

introducing such guard bands has the effect of decreasing 

20 the channel bandwidth for a given channel separation. 

Hence, preferably the pixel blocks assigned to each 

wavelength channel should be contiguous. Alternatively 

guard bands can be used to route in a third direction to 

deliberately narrow a channe! bandwidth, if required. 

25 

3O 

While the above discussion is for the case of an 

isolated channel, in which both adjacent channels are 

routed in a different direction to the channe! under 

consideration, there are als0 filtering effects that can 

occur when one or both adjacent channels are routed in the 

same direction. These effects are caused by ’stitching 

errors’ at the adjacent edges of a pair of holograms 
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routing in the same direction. For example a stitching 

error of pi causes (in theory) complete extinction of a 

light beam at a wavelength exactly halfway between the 

centres of two adjacent channels, while for an absence of 

stitching error at either side of a hologram, the 

transmission is uniform right across the entire channel. 

Intermediate stitching errors cause intermediate 

extinction. This acts as an additional programmable 
filtering mechanism and can be used to advantage to 

partially or completely filter out amplifier noise between 

selected channels, if required. Alternatively when 

maximally flat passbands are required the stitching error 

should be minimised. 

15 As described previously, all channels entering the 

architecture at the same wavelength are incident on the 

same hologram. This is because the input beams are 

arranged to be parallel as they arrive at the diffraction 

grating, such that all channels at the same wavelength 

20 emerge parallel from the diffraction grating. As the 

diffraction grating is at the focal plane of the lens the 

beams therefore converge towards the same point in the 

other focal plane of the routing lens (or equivalent 

mirror), at which point the SLM is placed. 

25 

3O 

Hence for the four port and multiport add/drop devices 

the channels entering on the main beam (from the main input 

fibre) share a hologram with those Channels at the same 

wavelength entering on an add port. When configured with 

one particular routing hologram the channel entering the 

main input is routed to the (selected) drop port while the 

channel entering the add port is routed to the main output. 

Therefore any channel equalisation applied to an added 
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channel will also be unavoidably applied to the dropped 

channel. Hence it is not possible to carry out independent 

channel equalisation on added and dropped channels. 

This problem does not occur, however, for the devices 

with a single input and/or with a single output. This is 

because in these devices there is no sharing of individual 

holograms between channels entering or leaving on different 

ports. Nor does the Problem occur for the devices with 

multiple inputs and multiple outputs, for channels routed 

from the main input to the main output. 

Another configuration of the multi-wavelength 

architecture is to have a single input port and a separate 

15 output port for every wavelength channel and SLM devices 

fo~ each channel capable of providing a set of many 

deflections- When configured so that a single channel 

leaves on each output port, the de~ice acts as a 

reconfigurable demultiplexer such that the assignment of a 

20 particular wavelength to each output port can be changed 

dynamically. 

Conventional wavelength demultiplexers are not 

reconfigurable and are therefore less flexible as a routing 

25 component. They also have a Gaussian filtering 

characteristic, which is inferior to the filter 
characteristic of the SLM multiwavelength optical 

processor, as described earlier. A further advantage of 

the invention, compared to a conventional free-space 

30 wavelength demultiplexer, is that the channel filter 

bandwidth is independent of the physical separation between 

the output fibres and also independent of the spot size of 
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the output fibre. In contrast, for the conventional 

demultiplexer, the channel bandwidth is proportional to the 

ratio of the output waveguide spot size to the physical ¯ 

separation of the output waveguides. Consequently, and in 

order to obtain sufficient channel bandwidth, microlens 

arrays are required to increase the effective spot size or 

waveguide concentrators are used to decrease the waveguide 

separation. 

I0 

15 

When used in reverse the device acts as a 

reconfigurable multiplexer, allowing the use of, for 

example, tuneable lasers at each input. In contrast, for a 

conventional wavelength multiplexer, fixed-tuned lasers 

must be used at each input. 

A system with a single input port and many output 

ports can act as a module to form part of a modular routing 

node. If the system has M output ports and a single input 

port, then each routing device produces M different 

20 deflections, with small adjustments to compensate for 

wavelength differences and alignment tolerances. All 

devices (i.e. holograms) producing the same eventual 

deflection will cause the associated wavelength channel to 

be routed out of the same output port. Hence such a system 

25 can send none, one or many (up to the number of channels 

entering the input port) channels out from the same output 

port. The logical function of the module is to sort the 

incoming channels on the input port ~ccording to their 

required output port, as also illustrated in Figure 21. 

30 Considering firstly the case of the routing architecture 

shown in Figure 12. As there is a single input port, every 

wavelength channel has its own hologram. Hence independent 
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channel equalisation may be applied for all the signals 

flowing through the module. 

One application of these modules is to use two of them 

5 to make an add/drop node, as shown in Figure 22. Figure 22 

s~ows a first routing module 660 having one input 661 from 

a previous node, a through output 662 and three drop 

outputs 663-5, as well as two spare outputs 666,667. A 

second routing module 670 has a first input 671 connected 

I0 to the through output 662 of the first module, three add 

inputs 672-4 and two spare inputs. 675,676. The second 

module 670 has an output 677 to the next node. The second 

(output) module can be physically identical to the first 

(input) module but it is used ’in reverse’ 

15 

The first module routes all the through traffic out on 

a common through port 662 while providing multiple drop 

ports: one for each dropped channel. Any single wavelength 

or any set of wavelengths can be sent to any drop port. 

20 Hence each of the drop ports may connect to a local 

optoelectronic receiver in a local electronic switch, or to 

a remote customer requiring one or more channels for remote 

demultiplexing. The reconfigurability of the wavelength 

assignment means that the module acts like a wavelength 

25 demultiplexer combined with a matrix switching function, so 

may reduce the switching demands placed on the electronics 

servicing the drop ports. The ability to send a selectable 

set of wavelengths to the same port reduces the need for 

additional fibre/multiplexing components and increases 

30 flexibility. Furthermore the routing applied to each 

wavelength channel may be multicast, as well as unicast. 

Hence drop and continue operation may be provided in which 
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the signal is routed to a drop port and also to the through 

port. If a transparent optical connection is required 

through to access and distribution networks this 

multicasting may also be applied to broadcast signals to a 

number of drop fibres. In this multicasting operation one 

or more of the pre~iously described power control methods 

may be applied to equalisethe channels on the through and 

drop fibres, as required for the transmission systems and 

receivers to function correctly. 

The first module provides any channel equalisation and 

monitoring required for the drop ports. Channel 

equalisation and monitoring for the through channels may 

take place in the first module, or-the second module, or 

both. 

The second module provides multiple add ports~ one for 

each added channel. Any single wavelength or any set of 

wavelengths can be received at any of the input ports. 

20 This allows each of the add inputs to be a tuneable laser, 

which would not be possible with a conventional non- 

reconfigurable wavelength multiplexer. In the conventional 

case there are two options for providing the added 

channels. A first option is to use conventionalnon- 

25 reconfigurable wavelength multiplexing to combine the added 

channels, because this is much more efficient in terms of 

insertion loss than a non-wavelength-specific multiplexer 

(such as a l:N fibre splitter used in reverse, that is a 

N:I combiner). However this requires each input port of 

30 the wavelength multiplexer to have a transmitter laser at a 

fixed wavelength. When a particular wavelength channel is 

added at the node the associated transmitter is in use. 
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However when the network reconfigures its wavelength 

assignment that laser m~y no longer be in use. To allow 

complete reconfigurability a complete set of transmitter 

lasers must be provided, one for each system wavelength. 

5 This makes reconfigurable add drop nodes uneconomic when. 

adding small numbers of channels, due to the large overhead 

of idle transmitter lasers. A second option is to use 

tuneable lasers, one for each added channel. With 

conventional optics this requires a non-wavelength-specific 

I0 multiplexer, which imposes insertion loss penalties. The 

multi-wavelength architecture described provides a 

reconfigurable wavelength multiplexer with lower insertion 

loss than a N:I combiner. Furthermore the routing applied 

to each wavelength ch~_nnel can be reconfigured without 
15 transient effects on other wavelength channels, as occurs 

in ’serial’ multiplexing architectures that have a 

reconfigura~ion capability. 

2O 

25 

30 

Any add port can receive a reconfigurable set of 

wavelength channels from a remote customer. The second 

module also provides any channel equalisation required for 

the added signals.. Finally the second module routes the 

through channels entering on the port 671 to the output 

677. 

The spare ports 666,667,675,676 can be used for 

routing selected channels to optical regenerators if the 

signal quality demands it; to wavelength converters to 

avoid wavelength blocking; to another add/drop node to 

allow Cross-connection between rings, as shown in Figure 

23, or to further modules to allow expansion, as shown in 

Figure 24. 
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Figure 23 shows a first to fourth routing modules 720, 

730, 740 and 750. The first and fourth modules each have 

one input 721, 751, a through output 722, 752, a cross- 

5 connect output 723,753 and a number of drop outputs721, 

754. The second and third modules 730,740 each have 

respective single output 731,741, a number of add inputs ~ 

732,742 a cross-connect input 733,743 and a through input 

734, 744. The through output 722 of the first module 720 

I0 is corunected to the through input 734 of the second module 

730, and the through output 752 of the fourth module 750 is 

connected to the through input 744 of the third module 740. 

The cross-connect output 723 of the first module 720 is 

connected to the cross-connect input 743 of the third 

15 module 740, and the cross-connect output-753 of the fourth 

module 750 is connected to the cross-connect input 733 of 

the second module 730. 

The first and second modules 720, 730 are on one ring 

and the third and fourth 740, 750 on a second ring. This 

cross connection capability allows a new ring network to be 

overlaid on an original ring network when the original ring 

capacity is becoming e~hausted. Channels may be exchanged 

between the two rings at each node as required. Hence the 

25 ring network acts like a ring with two fibres per link (in 

each direction around the ring). The concept may be 

extended to three or more overlaid rings, and hence three 

or more fibres per link (in each direction around the 

ring). As is well known from many traffic studies, 

30 increasing the number of fibres per link reduces 

significantly a phenomenon known as wavelength blocking, 

such that. more efficient use is made of the capacity of 
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each fibre. Hence cross connection between rings makes 

better use of the available capacity, allowing more traffic 

to be carried for the same investment in infrastructure. 
Cross connection may also be used to exchange signals 

5 between diverging rings. 

Figure 24 shows expansion of a first (input) module 

760 having a single input 761, and five outputs 762-6,via 

an optical amplifier 768 and an intermediate module 770 

10 having four outputs 771-4. The first output 762 of the 

first module 760 is a through path, the third output 764 is 

an expansion port and provides an input to the optical 

amplifier 768, and the output 769 of the optical amplifier 

is tothe intermediate module 770. The intermediate module 

15 770 has an expansion port 771 and three new ports 772-4. 

Fourth and fifth outputs 765, 766 of the input module 760 

form drop outputs. The same principle can also ~e applied 

to expansion of~ a.Second (output) module. The use of such 

modules allows extra add’and d~op ports to be provided 

20 without service interruption to the channels flowing 

through the add drop node. It also allows network 

operators to apply just in time provisioning, delaying 

investment in infrastructure until the demand is there to 

use it. Furthermore it is only the channels dropped or 

added through the expansion module(s) that are subject to 

an additiona! amplification stage. If every node in the 

ring were upgraded in this manner, the channels should only 

pass through an additional two amplification stages. This 

could be reduced to one additional stage by suitable 

30 .assignment of the added and dropped channels to the 

original and expansion module. 
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Returning to the basic routing module shown in Figure 

21. This type of connectivity would be useful in mesh 
networks where each node is connected by a multi-fibre link 

to, typically, each of between two and five nearest 

n~ighbour nodes. Each link carries traffic to and from one 

of the nearest neighbour nodes. Usually individual fibres 

in the link carry traffic in just one direction but some 

are bi-directional. For an example where a link has an 

average of six pairs of external fibres and a node has five 

links, then there would be thirty external incoming fibres 

and thirty external outgoing fibres. The function of the 

node is toroute any wavelength channel from any incoming 

fibre to any outgoing fibre. Each fibre may carry many 

wavelength channels. Currently up to 160 char~nel systems 

are being installed although 40 or 80 channel systems are 

more usual. 

An ideal node architecture allows the network operator 

20 to start with one or more add/drop nodes connected to one 

or more rings and then allow the individual add/drop nodes 

to be connected so that the network topology can evolve 

towards a mesh. The node architecture should also allow 
extra fibres to be added to each link as required to meet 

25 the demand, with the extra parts or modules of the node 

being installed as and when required. Fibre.management and 

installation between sub-components inside the routing node 

is also expensive. 

3O A known architecture for such a routing node uses a 

separate wavelength demultiplexer for every input fibre. 

The separated ~avelen~th channels are then carried over 
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optical fibres to Nx!q optical switches. To avo~id internal 

wavelength blocking then all channels at a particular 

wavelength must be connected to the same NxN switch. Hence 

the switch will receive channels at the same wavelength 

from every single input fibre. The char~nels leaving the 

switch are carried over optical fibres to a separate 

wavelength multiplexer for every output fibre. Hence the 

switch will route channels at the same wavelength towards 

every single output fibre. 

These switches have a sufficient number of ports for 

added and dropped channels, and channels passing to and 

from wavelength conversion and o~tical regeneration. This 

sufficient number is estimated based on traffic analysis as 

it depends on the instantaneous mapping of channels between 

nodes and the wavelength and fibre allocation. Each switch 

may ~ervice one or more wavelength channels. In one 
device, the number of fibres is around 3000 resulting in 

significant fibre management and installation costs. Even 

grouping together different fibres to or from the same link 

and grouping together the add fibres and regenerator fibres 

only reduces the number of separate entities to be managed 

to 560. 

With such a large number of fibres it is not economic 

to provide optical amplifiers inside the routing node to 

compensate for insertion losses. Another problem with this 

architecture~is how to add in extra external fibres once 

the switch capacity has been exhausted with the current 

number of external fibres. This cannot be done without 
replacing every single switch. In advance it is difficult 
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to know how large to provision the switch to avoid or delay 

this problem. 

An alternative node architecture uses one of the 

multi-wavelength architectures described to provide a 

separate module for every input fibre and a separate module 

for every output fibre. Consider first an input module. 

This should be designed so that none, one, many or all of 

the input channels may leave any of the output ports (as 

shown in Figure 21). These output ports are used to carry 

channels towards output modules and towards other parts of 

the node providing wavelength conversion, regeneration and 

ports to electronic switches, for example. A connection 

between an input module and an output module carries every 

wavelength channel mapped between the corresponding input 

and output fibre. Hence the logical function of an input 

module is to sort the incoming channels accoriing to their 

destination output fibre. This logical functionality was 

illustrated in Figure 21. 

2O 

25 

30 

A particular input module does not have connections to 

every output module. It does not have connections to 

output modules going back to the same neighbouring node 

from which the input channels have travelled, except 

perhaps for network monitoring and management functions. 

It might not need to have separate connections to every 

output module for the output fibres to the other 

neighbouring nodes. It is however provided with sufficient 

connectivity to the output channels on every output link to 

avoid unacceptable levels of wavelength b!ocking. For 

example each input module could be connected to a subset of 

the output modules, with an overflow system used to provide 
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a connection to the other output modules, when required. 

An output module is designed like an input module but works 

in the opposite direction. Hence the logical function of 

the output module is to collect the channels coming from 

each input module and direct them to a common output port. 

In this architecture, the dropped channels and 

channels needing wavelength conversion may exit from each 

module on a common port or a pair of ports. As a result of 

using the modules it can be shown that satisfactory 

performance is achieved using fewer than I000 fibres and 

fewer than 50 fibre groups. 

15 

Hence the total number of fibres inside the node is 

reduced by a f~ctor of over 3 while the total number of 

fibre entities to be installed and managed is reduced by a 

factor of I0 or more. T~is represents a significant 

reduction in cost and complexity. 

20 An example wavelength-routing crossconnect using the 

modules is shown in Figure 25. Figure 25 shows four input 

routing modules 790-3, each with a respective input 790i- 

793i and four outputs 7900z-79003 etc. and four output 

routing modules 794-7 each with four inputs and a 

25 respective.single output 794o-797o to a respective output 

fibre. One output of e~ch input module 790-3 forms a drop 

outputl The input and output modules are associated 

together with input module 790 associated with output 

module 794, input module 791 associated with output module 

30 795, input module 792 associated with output module 796 and 

input module 793 associated with output module 797. The 

remaining three outputs of each input module are cross- 
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connected to the non associated output modules, so that for 

example the three non-drop outputs of input module 790 are 

coupled to respective inputs of output modules 795, 796 and 

797. Specifically, output 790ox is connected to output 

module 795. Of the inputs to the four output modules, one 

per module is an add input and the remainder are connected 

to outputs of the input modules 790-3. 

In the example the routing function carried out by 

I0 each input module 790-3 is to sort the incoming channels 

with respect to the selected output fibre 7940-7970 for 

example, and with reference to the figure, all wavelength 

channels entering the cross-connect on input 790i that need 

to leave the cross-connect on 795o are routed by the input 

15 module 790 to the output 790oi. This output carries these 

channels to the output module 795 which is collecting 

frequency channels for output 795o. The output module 

combines all incoming channels onto a respective single . 

output. 

20 

In this architecture channel equalisation may be 

carried out independently for all channels routed through 

the cross connect. 

25 

3O 

The cross connect architecture of Figure 25 is modular 

in that it can be used to build a range of nodes of 

different connectivity and dimension. The modules can be 

used to assemble a. node like that described above, starting 

with only 1 or 2 fibre pairs per link and adding in extra 

modules to allow more fibres per link. Extra modules ca~ 

be added in and connected up as and when required, allowing 

the network operator to delay investment in infrastructure 
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for as long as possible. When the node has reached, for 

ixample, 6 fibre pairs per link and the capacity begins to 

be exhausted there are three ways to upgrade the node. The 

first way is to upgrade the numbers of wavelength channels 

on particular fibres in each link. This requZres replacing 

the associated modules with modules processing more 

channels. However the other modules (and the fibre 

interconnections) can remain in service. In contrast for 

the conventional architecture as well as upgrading the 

demultiplexers and multiplexers associated with the 

particular fibres to be upgraded, a whole set of NxN 

switches must be installed, one for every new system 

wavelength. These switches will remain under-utilised 

until all the fibre systems have been upgraded. 

A second way to upgrade the node is to replace 

selected modules with models providing an increased number 

of fibre choices per output link allowing more fibres per 

link. This requires the installation of more fibre groups 

inside the node. In contrast for the conventional 

architecture every NxN switch must be replaced meaning the 

associated system wavelengths would be out of service on 

every fibre entering or leaving the node. 

A third way to upgrade the node is to upgrade selected 

modules by cascading another module from a spare, or 

expansion output port, as shown in Figure 26. 

Figure 26 shows a somewhat similar arrangement to 

Figure 24, and has an input module 860, with an input 861, 

five outputs 862-6, an optical amplifier 870 and an 

intermediate module 880 receiving the output of the optical 
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amplifier 870 and providing four outputs 881-4. The input 

module has three outputs 862-4 to existing output modules, 

fourth output 865 to the optica! amplifier 870 and fifth 

output as a drop output. The first to third outputs 881-3 

of the intermediate module 880 connect to new or later 

output modules. 

The advantage of this third way is that service 

interruption is not required during installation. 

The smallest node can have as few as two modules, 

which would act as an add/drop node. Several pairs of such 

modules can service a stacked set of rings, allowing 

interconnection between different rings. Adjacent rings 

15 can also be interconnected. A hybrid ring/mesh network can 

be ~reated. Hence the same modular system can be used for 

ring networks, mesh networks ~nd mixes of the two. It can 

also allow re-use of existing plant and allow an add/drop 

node to grow and evolve into a wavelength-routing cross- 

20 connect. 

25 

30 

It will be clear to those skilled in the art that the 

use of reflective SLMs may allow optical folding to be 

accomplished and provide a compact system. Thus folding 

mirrors which may be found in some systems are replaced by 

SLMs that serve the dual function of folding and 

performance management for the system. The performance 

management may include managing direction change, focus 

correction, correction of non-focus aberration, power 

control and sampling. When taken together with the 

controller and sensors, the SLM can then act as an 

intelligent mirror. 
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As am example, this application of SLMs would be 

attractive in the context of free-space wavelength 

/ -:i’ idemultipiexers as it would help to suppress the problems 

associated with long path.lengths. 

I0 

2o 

Another example is to provide correction for alignment 

tolerances and manufacturing tolerances in systems 

requiring alignment between fibre arrays and lens arrays. 

In particular focal length errors in the lenses (due to 

chromatic aberration or manufacturing tolerance) can be 

compensated by focus correction at the SLM or SLMs, while 

transverse misalignment between a fibre and lens which 

leads to an error in the beam direction after the lens, can 

be compensated by beam deflection at the SLM or SLMs. 

It will also be clear to those skilled in the. art that 

although the described embodiments refer to routing in the 

context of one-to-one, it would also be possible to devise 

holograms for multicast and broadcast, i.e. one-to-many and 

one-to-all, if desired. 

25 

Although the invention has been described with 

reference to a number of embodiments, it will be understood 

that the invention is not limited to the described details. 

The skilled artisan will be aware that many alternatives 

may be employed within the general concepts of the 

invention as defined in the appended claims. 
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7. [X] Amendments to the claims of the International Application under PCT Article 19 (35 U.S.C. 371(c)(3)) 

a. [ ] are attached hereto (required only if not communicated by the International Bureau). 

b. [ ] have been communicated by the International Bureau. 

c. [ ] have not been made; however, the time limit for making such amendments has NOT expired. 

d. [X] have not been made and will not be made. 

8. [ ] An English language translation of the amendments to the claims under PCT Article 19 (35 U.S.C. 371 (c)(3)). 

9. [ ] An oath or declaration of the inventor(s) (35 U.S.C. 371(c)(4)). 

10. [ ] An English language translation of the annexes of the International Preliminary Examination Report under PCT 

Article 36 (35 U.S.C. 371(c)(5)). 

Items 11 to 20 below concern document(s) or information included: 

11. [X] An Information Disclosure Statement under 37 CFR 1.97 and 1.98. 

12. [ ] An assignment document for recording. A separate cover sheet in compliance with 37 CFR 3.28 and 3.31 is included. 

13. [X] A preliminary amendment. 

14. [ ] An Application Data Sheet under 37 CFR 1.76. 

15. [ ] A substitute specification. 

16. [ ] A power of attorney and/or change of address letter. 

17. [ ] A co, mp,.uter-readable form of the sequence listing in accordance with PCT Rule 13ter.2 and 37 CFR 1.821 - 1.825. 

18. [ ] A second copy of the published intemational application under 35 U.S.C. 154(d)(4). 

19. [ ] A second copy of the English language translation of the intemational application under 35 U.S.C. 154(d)(4). 

20. IX] Other items or reformation: 

Full copy of the International Search Report. 
Postcard Receipt 
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21. [ X ] The following fees are submitted: 

BASIC NATIONAL FEE (37 CFR 1.492 (a) (1) - (5)): 

Neither inte.rnational p, re~lirni, n~a~r~x~a .rai~n.a.ti, o,n,f~e,e. (37 .CF~R 
nor Lnternatlona~ searcn ~e_e (~ l I,~1~1<~ 1 .,~,4~La3tz)) paid to u~t’~ 
and International Search Report not preparedby ttie EPO or JPO ......... $1080.00 

Intemational_preliminar£. exami, n~ion fee (37 CF.R. 1.482) not paid to 
USPTO but International Search t~eport prepared by the EPO or JPO ...... $920.00i 

~ nternational preliminary examination fee(37 CFR 1.482) notoaid to USPTO 
ut international search fee (37 CFR 1.445"(a)(2)) paid to’USPTO ......... $770.00 

~ ntem,,ati, onal p.re.limmarv examination fee (37 CFR 1.482) oaid to USPTO 
ut aH c~aims did not salisfy provisions of PCT Article 330)-(4) ......... $730.00 

International preliminary examination fee (37 CFR 1.482)paid to USPTO 
and all claims satisfied provisions of PCT Article 33(1)-(4~. ............. $100.00 

ENTER APPROPRIATE BASIC FEE AMOUNT = 

Surcharge of $130.00 for furnishing the oath or declaration later than 30 months from the 

earliest claimed priority date (37 CFR 1.492(e)). 

CLAIMS NUMBER FILED NUMBER EXTRA RATE 

Total claims 28 - 20 = 8 x $18.00 

Independent claims 13 - 3 = 10 x $86.00 

MULTIPLE DEPENDENT CLAIM(S) (if applicable) + $290.00 

TOTAL OF ABOVE CALCULATIONS = 

[ ] Applicant claims small entity status. See 37 CFR 1.27. The fees indicated above 
are reduced by 1/2. 

SUBTOTAL = 

Processing fee of $130.00 for furnishing the English translation later than 30 months from 
the earliest claimed priority date (37 CFR 1.492(0). 

TOTAL NATIONAL FEE = 

Fee for recording the enclosed assignment (37 CFR 1.2 l(h)). The assignment must be 

accompanied by an appropriate cover sheet (37 CFR 3.28, 3.31). $40.00 per property + 

TOTAL FEES ENCLOSED = 

a. IX] 
b. 

c. IX] 

0T12 Rec’d P r/P’FO 2 6 FEB 

ATTORNEY’S DOCKET NUMBER 

3274.1003-000 

CALCULATIONS PTO USE ONLY 

$920.00 

$ 

$ 

$144 

$860 

$ 

$1,924 

$ 

$1924 

$ 

$1,924 

$ 

$1,924 

Amount to be    $ 

refunded: 

charged: $ 

A check in the amount of $1,924.00 to cover the above fees is enclosed. 

Please charge my Deposit Account No. in the amount of $[ ] to cover the above fees. A duplicate copy of this 

sheet is enclosed. 

The Commissioner is hereby authorized to charge any additional fees which may be required, or credit any 
overpayment to Deposit Account No. 08-0380. A duplicate copy of this sheet is enclosed. 

NOTE: Where an appropriate time limit under 37 CFR 1.495 has not been met, a petition to revive (37 CFR 1.137 (a) 
or (b)) must be filed and granted to restore the application to pending status. 

SEND ALL CORRESPONDENCE TO: 

Customer No. 021005 

HAMILTON, BROOK, SMITH & REYNOLDS, P.C. 
530 Virginia Road 
P.O. Box 9133 
Concord, MA 01742-9133 
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Page 2 of 2 (Rev. 10-2003) @PFDesktop\::ODM A/M HODM A/HBSR05 ;iManage;456223; 1 

TS0000809 



@PFDesktop\::ODMA/MHODMA/HO5 ;iManage;455822; 1 
TJM/jk 

02/26104 

10/487810 
PATENT APPLICATION 

DOCKET NO.: 3274.1003-000 

OT’I  Rec’cl PCT/PTO 2 6 FE’B 

THE UNITED STATES RECEIVING OFFICE (RO/US) 
Designated/Elected Office (DO/EO/US) 

U.S. National Stage of 
International Application No.: 

International Filing Date: 

Earliest Priority Date: 

Applicants: 

PCT/GB02/04011 

2 September 2002 

3 September 2001 

Melanie Holmes 

Title: OPTICAL PROCESSING 

Attorney’s Docket No.: 3274.1003-000 

INFORMATION DISCLOSURE STATEMENT " 

,[ 

Mail Stop PCT 
Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

Sir: 

This Information Disclosure Statement is submitted: 
[ ] under 37 CFR 1.129(a), or 

(First/Second submission after Final Rejection) 

IX] 

[] 

under 37 CFR 1.97(b), or 
(Within any one of the following time periods: three months of filing national application (other than a CPA) or date of entry of the 

national stage in an international application; or before the mailing date of a first office action on the merits in a non-provisional 

application, including a CPA, or a Request for Continued Examination). 

under 37 CFR 1.97(c) together with either: 

[ ] a Statement under 37 CFR 1.97(e), as checked below, or 

[ ] a $180.00 fee under 37 CFR 1.17(p), or 
(After the 37 CFR 1.97(b) time period, but before final action or notice of allowance, whichever occurs first) 

under 37 CFR 1.97(d) together with: 

[ ] a Statement under 37 CFR 1.97(e), as checked below, and 

[ ] a $180.00 fee under 37 CFR 1.17(p), or 
(Filed after final action or notice of allowance, whichever occurs first, but on or before payment of the issue fee) 

under 37 CFR 1.97(i): 
Applicant requests that the IDS and cited reference(s) be placed in the application 
filewrapper. 
(Filed after payment of issue fee) 
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Statement Under 37 CFR 1.97(e) 

[] Each item of information contained in this Information Disclosure Statement was first cited in 
any communication from a foreign patent office in a. counterpart foreign application not more 
than three months prior to the filing of this Information Disclosure Statement; or 

No item of information contained in this Information Disclosure Statement was cited in a 
communication from a foreign patent office in a counterpart foreign application, and, to the 
knowledge of the undersigned, after making reasonable inquiry, no item of information 
contained in the information disclosure statement was known to any individual designated in 
37 CFR 1.56(c) more than three months prior to the filing of this Information Disclosure 
Statement. 

Statement Under 37 CFR 1.704(d) (Patent Term Adjustment) 
Applies to original applications (other than design) filed on or after May 29, 
2OO0 

Each item of information contained in the Information Disclosure Statement was cited in a 
communication from a foreign patent office in a counterpart application and this 
communication was not received by any individual designated in § 1.56(c) more than thirty 
days prior to the filing of the Information Disclosure Statement. 

Enclosed herewith is form PTO-1449: 

IX] 

[] 

Ix] 

Copies of the cited references are enclosed. 

[ ] Since this application was filed after June 30, 2003, copies of issued U.S. 
patents and published U.S. applications are not required and are not being 
provided. 

Cooies of the cited references are enclosed except those entered in prior aotdication, 
U.g. Application No. [     ], to which priority under 35 U.S.C. 120 is cfal’med. [The 
earlier application contains copies of the cited references.] 

The listed references, AA, AB, AL-AO and AR-AT, were cited in the enclosed 
International Search Report in a counterpart foreign application. 

The "concise explanation" requirement (non-English references) for reference(s) [ 
] under 37 CFR 1.98(a)(3) is satisfied by: 

[ 
[ 
[ 
[ 

] 
] 
] 
] 

the explanation provided on the attached sheet. 

the explanation’provided in the Specification. 

submission of the enclosed International Search Report. 

~bmission of the enclosed English-language version of a foreign Search eport and/or foreign Office ~ction. 

the enclosed English language abstract. 
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10/4878 .0 
OT ec’d PCl’/l rl O 2 6 FEB 2004" 

[] Applicant requests that the following non-published pending applications be considered: 

Examiner’s 
Initials 

U.S. Patent Application No. [ 

U.S. Patent Application No. [ 

U.S. Patent Application No. [ 

], by [inventor(s)], filed [ 

], by [inventor(s)], filed [ 

], by [inventor(s)], filed [ 

], Docket No.: [ .] 

], Docket No.: [ ] 

], Docket No.: [ ] 

Examiner Date 

[ ] A copy of each above-cited application, including the current claims, is enclosed. 

[] A copy of each above-cited application, including the current claims, is enclosed, 
except those entered in prior application, U.S. Application No. [ ], to which 
priority under 35 U.S.C. 120 is claimed. 

The Examiner is requested to return a copy of the above list of pending applications indicating which 
references were considered with the next office communication. 

It is requested that the information disclosed herein be made of record in this application. 

Method of payment: 

[ ] A check for the fee noted above is enclosed, or the fee has been included in the check with 
the accompanying Reply. A copy of this Statement is enclosed. 

[ ] Please charge Deposit Account 08-0380 in the amount of $[ ]. A copy of this Statement 
is enclosed. 

IX] Please charge any deficiency in fees and credit any overpayment to Deposit Account 08- 
0380. 

Respectfully submitted, 

HAMILTON, BROOK, SMITH & REYNOLDS, P.C. 

RegJ tration No." 39. 
Telephone: (978) 
Facsimile: (978) 341-0136 

Concord, MA 01742-9133 
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COMPLIANCE WITH 
RULE 17.1(a) OR Co) 

The Patent Office 
Concept House 
Cardiff Road 
Newport 
South Wales 
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I, the undersigned, being an officer duly authorised in accordance with Section 74(1) and (4) 
of the Deregulation & Contracting Out Act 1994, to sign and issue certificates on behalf of the 
Comptroller-General, hereby certify that annexed hereto is a true copy of the documents as 
originally filed in connection with the patent application identified therein. 

In accordance with the Patents (Companies Re-registration) Rules 1982, if a company named 
in this certificate and any accompanying documents has re-registered under the Companies Act 
1980 with the same name as that with which it was registered immediately before re- 
registration save for the substitution as, or inclusion as, the last part of the name of the words 
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in this certificate and any accompanying documents shall be treated as references to the name 
with which it is so re-registered. 

In accordance with the rules, the words "public limited company" may be replaced by p.l.c., 
pie, P.L.C. or PLC. 

:istration under the Companies Act does not constitute a new legal entity but merely 
the company to certain additional company law rules. 

Signed 

Dated 10 September 2002 

BEST AVAILABI i::: COPY 
An Executive Agency of the Department of Trade and Industry 

TS0000816 



~’orm 1/77 

Act 1977 

lO) 

(See the notes on the back o£ tids £orm. You, 

explanatory leatlet from the Patent Office to help you fill in 

ads form) 

The Patent OIHce 

Cardiff Road 
Newport 
South Wales 

PO’,/7700 0.00-@!2!308:..I I. Your reference 
WYN/P8591GB 

Patent application number 
tq~e Patent 0t~ce w111 ~dl in this part) 0121308.1 
Pull name, address and postcode of the or of 

each applitant (underline all surnaraes) 

Patents ADP number (if you know iO 

Thomas Swan & Co. Ltd. 
Crookhall 
Consett 
Co. Durham 
DH8 ~ND 

If the applicant is a corporate body, give the 

country/state of its incorporation United Kingdom 

4. Tide of the invention OPTICAL PROCESSING 

5. Name of your agent (ffyou have one) W. H. Beck, Greener & Co. 

=Address for service" in the United Kingdom 

to which all correspondenc.e should be sent 
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OPTICAL PROCESSING 

I0 

Field of the invention 

The present invention relates to the general field of 

controlling one or more light beams by the use of 

electronically controlled devices. More particularly, but not 

exclusively, the field’of application is mainly envisaged as 

being to communications and like devices. In such devices 

rec0nfiguration between inputs and outputs is likely, and 

stability of performance is a significant requirement. 

20 

Background of the invention 

It has previously been proposed to use so-called spatial 

light modulators to control the routing of light beams within 

an optical system, for .instance from selected ones of a 

number of input’optical fibres to select@d ones of output 

fibres. Although our earlier patent applications have 

addressed a number of issues, including architectures aimed 

at reducing crosstilk, a problem has been to find a simple 

method of controlling the SLM. 

25 

30 

Optical systems are subject to performance impairments 

resulting from aberrations, phase distortions and component 

misalignment. An example is a multiway fibre connector, which 

although conceptually simple can often be a critical source 

of system failure ’or insertion loss due to the very tight 

alignment tolerances for optical fibres, especially for 

single-mode optical fibres. Every time a fibre connector is 

connected, it may provide a different alignment error. 

Another example is an optical switch in which aberrations, 

phase distortions and component misilignments result in poor 

optical coupling efficiency into the intended output optical 

fibres. This’in turn may lead to high insertion loss. The 

aberrated propagating waves may diffract into intensity 
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fluctuations creating significant unwanted coupling of light 

into other output optical fibres, leading to levels of 

crosstalk that impede operation. In some cases, particularly 

where long path lengths are involved, the component 

misalignment may occur due to ageing or temperature effects. 

I0 

Some prior systems seek to meet such problems by use of 

expensiv~ components. For example in a communications 

context, known free-space wavelength multiplexers and 

demu!tiplexers use~expensive thermally stable opto-mechanics 

to cope with the problems associated with iong path lengths. 

Certain optical systems have a requirement for 

reconfigurability. Such reconfigurable systems include 

15 optical switches, add-drop multiplexers and other optical 

routing systems where the mapping of signals from input ports 

to output ports is dynamic. In such systems the path- 

dependent losses, aberrations and phase distortions 

encountered by opti’cal beams may vary from beam to beam 

20 according to the route taken by the beam through the system. 

Therefore the path-dependent loss, aberrations and phase 

distortion~ may vary for each input beam or as a function of 

the required output port. 

25 The prior art does not adequately address this 

situation. 

3O 

Other optical systems are static in terms of 

input/output configuration. In such systems, effects such as 

assembly errors, manufacturing tolerances in the optics and 

also changes in the system behaviour due to temperature and 

ageing, create the desirability for dynamic direction 

control, aberration correction, phase distortion compensation 

or misalignment compensation. 

2 
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I0 

It should benoted that the"features of dynamic 

direction control, phase.distortion compensation and 

misalignment control are not restricted to systems using 

input beams coming from optical fibres. Such feahures may 

also be advantageous in a reconfigurable optical system. 

Another static system in which dynamic control of phase 

distortion, direction and (relative) misalignment would be 

advantageous is one in which the quality and/or position of. 

the input beams is time-varying. 

2O 

Often the input and output beams for optical systems 

contain a multiplex of many optical signals at different 

wavelengths, and these signals may need to be separated and 

adaptively and individually processed inside the system.     .. 

Sometimes, although the net aim of a system is not to 

separate optical signals according to their wavelength and : 

then treat them separately, to do so increases the wavelength 

range of the syste~ as a whole. Where this separation is 

effected, it is often advantageous for the device used to 

route eachchannel to have a low insertion loss and to 

operate quickly. 

25 

It is an aim of some aspects of the present invention at 

least partly to mitigate difficulties of the prior art. 

3O 

It is.desirable for certai~ applications that a method 

or devic6 for addressing these issues should be polarisation- 

independent, or. have low polarisation-dependence. It is also 

desirable for certain applications to provide built-in ¯ 

intelligence, as it leads to more compact and ultimately low- 

cost devices. 
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2O 

25 

3O 

In the present patent application, the term "SLM" is 

used to signify a pixeilated multiple phase’ liquid crystal 

over silicon spatial light modulator, unless the context 

specifies otherwise. 

SLMS have been proposed for use as adaptive optical 

components in the field of astronomical devices, for example 

as wavefront correctors. In this field of activity, the 

constraints are different to the present field -for example 

in communication and like devices, the need for consistent 

performance is paramount if data is to be passed without 

errors. Communication and like devices are desirably 

inexpensive, and desirably inhabit and successfully operate 

in environments that are not closely controlled. By contrast, 

astronomical devices may be used in conditions more akin to 

laboratory conditions, and cost constraints are less 

pressing. Astronomical devices are unlikely to need to select 

s~ccessive routings of light within a system, and variations 

in performance may be acceptable. 

~u~=~ary of the invention 

According to a first aspect of the invention there is 

provided a method of controlling a light beam Using a spatial 

light modulator (SLM) having a plurality of pixels, the 

method comprising: 

determining a desired phase modulation characteristic 

across an array of said pixels for achieving the desired 

control of said beam; 

controlling said pixels to provide a phase modulation 

derived from the desired phase modulation, wherein the 

controlling step comprises 

providing a population of available phase modulation 

levels for each pixel, said population comprising a discrete 

number of said phase modulation levels; 
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on the basis of the desired phase modulation, a level 

selecting step of selecting for each pixel a respective one 

of said phase modulation levels; and 
causing each said pixel to provide the respective one of 

said phase modulation levels. 

tO 

The SLM may be a multiple phase liquid crystal over 

silicon spatial light modulator having plural pixels, of a 

type having an integral wave plate and a reflective element, 

such that successive passgs of a beam through the liquid 

crystal subject each orthogonally polarised component to a 

substantially similar electrically-set phase change. 

If a non-integral wave plate is used instead, a beam 

after reflection and passage through the external wave plate 

will not ~ass’ through the same zone of the SLM,unless it is 

following the input path, in which case it wil! re-enter the 

input fibre. 

2O 

25 

The use of the wave plate and the successive pass 

architecture al!ows the SLM to be substantially polarisation 

independent. 

In one embodiment the desired phase modulation at l~ast 

includes a linear component. 

3O 

Linear phase modulation, or an approximation to linear 

phase modulation may be used to route a ~eam of light, i.e. 

to select a new direction of propagation for the beam. In 

many routing applications, two SLMs are used in series, and 

the displayed information on the one has the inverse effect 

to the information displayed on the other. Since the 

information represents phase change data, it may be regarded 

as a hologram. Hence an output SLM may display a hologram 
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that is the inverse of that displayed on the input SLM. 

Routing may also be ~one-to-many" (i.e. multicasting)-or 

~one-to-all" (i.e. broadcasting) rather than the more usual 

one-to-one in many routing devices. This may be achieved by 

correct selection of the relevant holograms. 

Preferably the linear modulation is resolved mod 2pi to 

provide a periodic ramp. 

I0 In another embodiment the desired phase modulation 

includes a non-linear component. 

Preferably the method further comprises selecting from 

said plurality of pixels, an array of pixels for incidence by 

said light beam. 

2O 

The size of a selected array may vary from switch to 

switch according to the physical size of the switch and of 

the pixels. However, a typical switch may have pixel arrays 

of between 100 and 200 square. 

25 

In one embodiment the level-selecting step comprises 

determining the desired level of phase modularion at a 

predetermined point on each pixel and choosing for each 

pixel, the available level which corresponds most closely to 

the desired level. 

30 

In another embodiment, the level-selecting step 

comprises determining a subset of the available levels, which 

provides the best fit to the desired characteristic. 

The subset may comprise a subset of possible levels for 

each pixel. 

6 
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Alternatively the subset may comprise a set. of level 

distributions, each having a particular level for each pixel. 

In one embodiment, the causing step includes providing a 

respective voltage to an electrode of each pixel, wherein 

said electrode extends across substantially the whole of the 

pixel. 

Preferably again the level selecting step comprises 

selecting the level by a modu!o 2pi comparison with the 

desired phase modulation. The actual phase excursion may be 

from A to A+2pi where A is an arbitrary angle. 

2O 

Preferably the step of determining the desired phase 

modulation comprises calculating a direction change of a beam. 

of light.                                                               ’ 

Conveniently, after the step of calculating a direction 

change, the step of determining the desired phase modulation 

further comprises iteratively correcting the phase modulation 

obtained from the calculating step to obtain an improved 

result. 

25 

Advantageously, the it4rative correction step is 

adaptive. 

3O 

In another embodiment the step of determining the 

desired phase modulation is retroactive, whereby parameters 

of the phase modulation are varied in response to a sensed 

error to reduce the error. 

A first class of embodiments relates to the simulation/ 

synthesis of generally corrective elements. In some members 

of the first class, the method of the invention is performed 
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to provide a device, referred to hereinafter as an 

accommodation element for altering the focus of the light 

beam. 

An example of an accommodation element is a lens. An 

accommodation element may also be an anti-astigmatic device, 

for instance comprising the superposition of two cylindric~l 

lenses at arbitrary orientations. 

I0 In other members of the first class, the method of the 

invention is performed to provide an aberration correction 

device for correcting greater than quadratic aberrations. 

Preferably the array-selecting step selects the array of 

pixels in dependence on the predicted path of a beam. 

Advantageously, after the array is selected using the 

predicted path, adaptive methods are used to determine 

whether the predicted path is correct, and if not to select a 

different pixel array 

25 

An element of this type may be used in a routing device 

to compensate for aberrations, phase distortions and 

component misalignment in the system. By-providing sensing 

devices a controller may be used to retroactively control the 

element and the element may maintain an optimum performance 

of the system. 

3O 

In one embodiment of this first class, the method 

includes both causing the SLM to route a beam and causing the 

SLM to emulate a corrective element to correct for errors, 

whereby the SLM receives a discrete approximation of the 

combination of both a linear phase modulation applied to it 
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to route the beam and a non-linear phase modulation for said 

correcti6ns. 

Synthesising a lens using an SLM can be used to change 

the position of the beam focused spot and therefore correct 

for a position error or manufacturing tolerance in one or 

more other lenses or reflective (as opposed to transmissive) 

optical elements such as a curved mirror. 

10 The method of the invention may be used to correct for 

aberrations such as fieldcurvature in which the output 

’plane’ of the image(s) from an optical system is curved, 

rather than flat. 

20 

25 

In another embodiment of the first class, intelligence 

may be integrated with sensors that detect the temperature 

changes and apply data from a look-up table to apply      ." 

corrections. 

In. yet another embodiment of this class, m!salignment 

and focus errors-are-detected by measuring the power coupled 

into strategically placed monitor devices, such as monitor 

sensors or monitor fibres. Iterative adaptivechanges may 

then be made to the compensating holograms formed as a result 

of the discrete approximations of the non-linear modulation 

until the system alignment is measured to be optimised. 

3O 

In embodiments where the method provides routing 

functions by approximated linear modulation, adaptation of 

non-linear modulation due to changes in the path taken 

through the system desirably takes place on a timescale 

equivalent to that required to change the hologram routing, 

i.e. of the order of milliseconds. 

TS0000827 



A control algorithm may use one or more of several types 

of compensation 

In one embodiment a look-up table is used with pre- 

calculated ’expected’ values of the compensation taking 

account of the different routes through the system. 

In another embodiment the system is trained b~fore first 

being operated, using iterative Changes to the compensating 

ho!ograms to learn how the system is misaligned. 

A further embodiment employs intelligence attached to 

the monitor fibres for monitoring and calculation of how 

these compensating holograms should adapt with time to 

accommodate changes in the system alignment. This is achieved 

in some embodiments by integrating circuitry components into 

the silicon b@ckplane of the SLM. 

20 

2~ 

In many opticil systems there is a need to control and 

adapt the power or shape of an optical beam as well as its 

direction or route through the optical system. In 

commu~nications applications, power control is required for 

network management reasons. In general, optical systems 

require the levelling out or compensation for path and 

wavelength-dependent losses inside the optical system. It is 

usually desirable that power control should not introduce or 

accentuate other performance impairments. 

30 

Thus in a second class of embodiments, the modulation 

applied is modified for controlling the attenuatio~ of an 

optical channel subjected to the SLM. 

In one particular embodiment, the ideal value of phase 

modulation is calculated for every pixel, and then multiplied 

]0 

TS0000828 



by a coefficient having a value between 0 and i, selected 

ac~b~ding to the desired attenuation and the resultant is 

compared to the closest available phase level to provide the 

value applied to the pixels. 

In another embodiment, th~ method further comprises 

selecting by.a discrete approximation to a linear phase 

.modulation, a routing hologram for display by the SLM whereby 

the beams may be’ correctly routed; selecting by a discrete 

I0 approximation to a non-linear phase modulation, a further 

hologram for separating each beam into main and subsidiary 

beams, wherein the main beam is routed through the system and 

the or each subsidiary beam is diffracted out of the system; 

combining the routing and further holograms together to 

15 provide a resultant hologram; and causing the SLM to provide 

the resultant hologram.                                              : 

2O 

25 

3O 

The non-linear phase modulation may be oscillatory. ° 

in yet another embodiment, the method further comprises 

selecting by a discrete approximation to a linear phase 

modulation, a routing hologram for display by the SLM whereby 

the beams may be correctly routed; selecting by a discrete 

approximation to a non-linearphase modulation,=a further 

hologram for separating each beam into main and subsidiary 

beams, wherein the main beam is routed through the system and 

at least one subsidiary beam is incident on an output at an 

angle such that its contribution is insignificant; combining 

the routing and further holograms together to provide 

resultant hologram; and causing the SLM to display the 

resultant hologram. 

The non-linear phase modulation may be oscillatory. 
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In a closely allied class of embodiments, light may be 

selectively routed to a sensor device for monitoring the 

light in the system. The technique used may be a power 

control technique in which light diverted from the beam 

transmitted through the system to reduce its magnitude is 

made incident on the sensor device. 

In another class of embodiments, a non-linear phase 

modulation profile is selecte~ to provide beam shaping, for 

example so as to reduce cross-talk effects due to width 

clipping. This may use a pseudo amplitude modulation 

technique. 

In a further class of embodiments, the method uses a 

non-linear modulation profile chosen to provide wavelength 

dependent effects. 

20 

25 

3O 

The light may be at a telecommunications wavelength, for 

example 850 nm, 13~0 nm or in the range 1530 nm to 1620 nm. 

Brief description of the drawings 

Exemplary embodiments of the invention will now be 

described with reference to the accompanying drawings in 

which: 

Figure 1 shows a cross-sectional view through an 

exemplary SLM suitable for use in the invention; 

Figure 2 shows a sketch of a routing device in which a 

routing SLM is used additionally to provide correction for 

performance, impairment due to misalignment; 

Figure 3 shows a sketch of a routing device in which a 

routing SLM is usedto route light beams and an additional 

SLM provides correction for performance impairment ’due to 

misa!ignment; 

12 
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Figure 4 shows a block diagram of an adaptive corrective 

SLM; 

SLM& ; 

Figure 5 shows an adaptive optical syste~ using three 

Figure 6 shows a partial block diagram of a routing 

device with a dual function SLM and control arrangements; 

Figure 7 shows a block diagram of an SLM for controlling 

the power ~ransferred in an optical system; 

Figure 8a shows a diagram of phase change vs. distance 

of a hologram for minimum attenuation; 

Figure 8b shows a diagram of phase change vs. distance 

of a hologram enabling attenuation of the signal; 

Figure 9 shows a power control system; 

Figure i0 shows a phasor diagram showing the effect of 

non-linear oscillatory phase modulation applied to adjacent 

2O 

pixels; 

Figure II shows a schematic diagram of a part of an 

optical routing system illustrating the effects of clipping 

and cross talk; 

Figure 12 shows a partial block diagram of a system 

enabling beams of different wavelength from a composite input 

beam to be separately.controlled before recombination; and 

Figure 13 shows a schematic diagram of an add-drop 

multiplexer using an SLM. 

Description of the preferred embodiments 

In the various figures, like reference numerals indicate 

like parts. 

3O The structure and arrangement of polarisation- 

independent multiple phase liquid crysta! over silicon 

spatial light modulators (SLMs) for routing a light beams 

using holograms are discussed in our co-pending patent 

application PCT/ GB00 /03796. Such devices have an insertion 

13 
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loss penalty due to the dead-space between the pixels. 

discussed in our co-pending patmnt application 

the insertion loss may Be reduced significantly ~y using a 

reflecting layer inside the substrate positioned so as to 

reflect the light passing between the pixels back out again. 

I0 

2O 

25 

Referring to Figure i, an integrated SLM 200 for 

modulating light 201 of a selected wavelength, e.g. 1.5 ~m, 

consists of a pixel electrode array 230 formed of reflective 

aiuminium. The pixel array, as will later be described-acts 

as a mirror, and disposed on it is a quarter-wave plate 221. 

A liquid crystal layer 222 is disposed on the quarter-wave 

plate 221 via an alignment layer (not shown) as is known to 

those skilled in the art of liquid crystal structures. Over 

(as shown) the liquid crystal layer 222 are disposed in order 

a second alignment layer 223, a common ITO electrode layer 

224 and an upper glass layer 225. The common electrode layer 

224 defines an electrode plane. The pixel electrode array is 

disposed parallel to the common electrode plane. 

The liquid crysta~ layer 222 has its material aligned 

such that under the action of a varying voltage between a 

pixel electrode and the common electrode, the uniaxial axis 

changes its tilt direction in a plane normalto the electrode 

plane. 

3O 

The quarter wave plate 221 is disposed such that light 

polarised in the plane of tilt of the director is reflected 

back by the mirror through the SLM with its plane of 

polarisation perpendicular to-the plane of tilt, and vice- 

versa. 

Circuitry, not shown, connects to the pixel e.lectrodes 

so that different selected voltages are applied between 

14 
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I0 

respective p~xel electrodes and the common electrode layer 

224 . 

Consider an arbitrary light beam 201 passing through a 

given pixel, to which a determined voltage is applied, thus 

resulting in a selected phase modulation due to the liquid 

crysta! layer over the pixel.electrode. Consider first and 

second orthogonal polarisationcomponents, of arbitrary 

amplitudes, having directions in the plane of tilt of the 

director and perpendicular tothis plane, respectively. These 

directions ,bisect the angles between the fast and slow axes 

of the quarter-wave plate. 

The first component experiences the selected phase 

change on the inward pass of the beam towards the aluminium 

layer 230, which acts as a mirror. The second component 

experiences a fixed, non-voltage dependent phase changg. 

2O 

25 

3O 

However, the ~uarter-wave pla~e in the path causes 

polarisation rotation of the first and second components by 

90 degrees so that the second polarisation component of the 

light beam is presented to the liquid crystal for being 

subjected to the selected phase change on the outward pass of 

the beam away from the mirror layer 230. The first 

polarisation component experiences the fixed, non-voltage 

dependent phase change on the outward pass of the beam. Thus, 

both of the components experience the same overall phase 

change contribution after one complete pass through the 

device, the total contribution being the sum of the fixed, 

non-voltage dependent phase and the selected voltage 

dependent phase change. 

It is not i~tended that any particular SLM structure is 

essential to the invention, the above being only exemplary 
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2O 

3O 

and illustrative. The invention may be applied to other 

devices,..provided they are capable of multiphase operation 

and are at least somewhat polarisation independent at the 

wavelengths of concern. Other SLMs are to be found in our co- 

pending applications W001/25840, EPI050775 and EPI053501 as 

well as elsewhere in the art. 

A particularly advantageous SLM uses a liquid crystal 

layer configured as a pi cell. 

In use, respective blocks of pixels are associated with 

respective incident light beams, and each block is controlled 

to display a respective hologram. The hologram is selected to 

route the beam entering the SLM 200 in a desired direction. 

In an embodiment, the SLM is used for routing a beam of 

light, and in accordance with the invention this is achieved 

by displaying a linearly changing phase ramp in at least one 

direction across an array of pixels upon which the beam is 

incident. The parameters of the ramp depend on the required 

angle of reflection of the beam of concern. The angle may be 

a two dimensional angle where the plane common to the 

direction of the incident light and that of the reflected 

light is not orthogonal to the SLM. 

Assigning x and y co-ordinates to the elements of the 

SLM, the required amount of angular shift from the specular 

reflection direction may be resolved into the x and y 

directions. Then, the required phase ramp for the components 

is calculated using standard diffraction theory, as a 

~desired phase profile". 

Having established a desired phase modulation 

characteristic across the array so as to achieve the desired 
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control of said beam it is then necessary to transform this 

characteristic into one that can be displayed by the pixels 

of the SLM. Firstly it should be borne in mind that the 

circuitry controlling the pixels of an SLM is normally 

digital. Thus there is onlya discrete population of values 

of phase modulation for each pixel, because of the number of 

bit8 used to represent those states. 

I0 

TO allow the pixels of the SLM to display a suitable 

phase profile, a level selecting operation is performed for 

each pixel. In one example of this operation, the desired 

phase modulation isexpressed modulo 2pi across the array 

extent, and the value of the desired mod-2pi modulation is 

established.at the centre of each pixel. Then for each pixel, 

the available level nearest the desired modulation is 

ascertained and used to provide the actual pixel voltage. 

This voltage is applied to the pixel e~ectrode for the pixel 

of concern. 

2O 

25 

3O 

For small pixels there may be ’edge’ effects due to 

fringing fields between the pixels and the correlations 

between the director directions in adjacent pixels. In such 

systems the available phase level nearest to the value of the 

desired mod-2pi modulation at the centre of each pixel (as 

described above) should be used as a first approximation. An 

iterative algorithm is used to calculate the relevant system 

performance characteristic taking into account these ’edge’ 

effects ~nd to change the applied level in order to optimise 

the system performance. 

"Linear" means that the value of phase across an array 

of pixels varies linearly with distance from an arbitrary 

origin, and includes limited linear changes, where upon 

reaching a maximum phase change at the end of a linear 
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portion, the phase change reverts to a minimum value before 

again rising linearly. 

Referring to Figure 2, an SLM i0 has operating circuitry 

ii having a first control input 12 for routing beams 1,2 from 

input fibres 3,4 to output fibres 5,6 in a. routing device 15. 

Beam i is incident on, and processed by a first array, 

or block 13 of pixels, and beam 2 is incident on and 

I0 Processed by a second array, or block 14 of pixels. The 

operating circuitry responds to a control at the control 

input to form respective routing holograms on the blocks 13, 

14 in accordance with that input. The operating circuitry 

further has an additional input 16 for modifying the 

15 holograms for applying a discrete approximation of a non- 

linear phase modulation so that the SLM synthesises a 

corrective optical element such as a lens or higher-order 

aberration corrector. As will be later described, 

embodiments may al~o provide power control (attenuation), 

20 sampling and beam shaping by use of the non-linear phase 

modulation profile. ~Non-linear" is intended to signify that 

the desired phase profile across an array of pixels varies 

with distance from an arbitrary origin in a curved and/or 

oscillatory or. like manner that is not a linear function of 

distance. It is not intended that ~non-linear" refer to 

sawtooth or like profiles formed by a succession of linear 

segments of the same slope mutually separated by ~flyback" 

segments. 

3O The hologram pattern associated with any general non- 

linear phase modulation exp j@(u) = exp j (@0(u) + @z(u) + 

@~(u) .... ) where j is the complex operator, can be considered 

as a product. -In this product, the first hologram term in the 

product exp j @0(u) implements the routing while the second 
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hologram term exp j @~(u) implements a corrective function 

providing for example lens simulation and/or aberration 

correction. The third hologram term exp j @2(u) implements a 

signal processing function such as sampling and/or 

attenuation and/or beam shaping. The routing function is 

implemented as a linear phase modulation while the corrective 

function includes non-linear terms and the signal pro~essing 

function includes non-linear oscillatory terms. 

I0 

~0 

25 

Different methods of implementing the combination of 

these three terms are possible. In one embodiment the total 

required.phase modulation ~0(u) + ~1(u) + ~2(u) including 

linear routingand corrective function and the signal 

processing function is resolved modulo 2 pi and approximated 

to the nearest available phase level before application by 

the pixels. In another embodiment the summation of the phase 

modulation required fo~ the linear and corrective function 

~0(u) + ~1(u) is resolved modulo 2 pi and approximated to the 

nearest phase level in order to calculate a first phase 

distribution. A second phase distribution @~(u) is calculated 

to provide sampling~and/or attenuation and/or beam shaping. 

The two phase distributions are then added, re-resolved 

modulo 2 pi and approximated to the nearest available phase 

level before application by the pixels. Other methods are 

also possible. 

30 

Mathematically the routing phase modulation, is periodic 

due to the resolution modulo 2pi and by nature of its 

llnearity. 

Therefore the routing phase modulation results in a set 

of equally spaced diffraction orders. The greater the number 

of available phase levels the closer the actual phase 
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modulation to the ideal value and the stronger the selected 

diffraction order used for routing. 

]0 

By contrast, the corrective effects are realised by non- 

linear phase changes ~1(u) that are therefore non-periodic 

when resolved modulo 2pi. This non-periodic phase modulation 

changes the distribution of the reflected beam about its 

centre, but not its direction. The combined effect of both 

linear (routing) and non-periodic phase modulation is to 

change both the direction and distribution of the beam, as 

may be shown using the convolution theorem. 

The signal processing effects are usually realised by a 

method equivalent to ’multiplying’ the initial routing and/or 

]5.. hologram exp j (@0(u)+@1(u)) by a further hologram exp j 

in which @2(u) is non-linear and oscillatory. Therefore the 

set of diffraction orders associated with the further 

hologram create a richer structure of subsidiary beams about 

the original routed beam, as may be shown using the 

20 convolution theorem. 

While this explanation is for a one-dimensional phase 

modulator array the same principle may be applied in 2-D. 

25 Hence in a reconfigurable optical system this non-linear 

phase modulation may be applied by the same spatial light 

modulator(s) that route the beam. It will be understood by 

thos~ skilled in the art that the SLM may have only a single 

control input and the device have separate processing 

30 circuitry for combining control data for routing and control 

data for corrective effects and signal processing effects to 

provide an output to control the SLM. 

2O 
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The data may be entered into the SLM bit-wise perpixel 

so that for "each pixel a binary representation of the desired 

state is applied. Alternatively, the data may be entered in 

the form of coefficients of a polynomial selected to 

5 represent the phase modulation distribution of the pixel 

array of concern in the SLM. ~his requires calculating 

"ability of circuitry of the SLM, but reduces the data 

transfer rates into the SLM. The pixel array of concern could 

be all of the pixels associated with a particular beam or a 

i0 subset of ~hese pixels. The phase modulation distribution 

could be a combined phase modulation distribution for both 

routing and corrective effects or separate phase modulation 

distributions for each. Beam shaping, sampling and 

attenuation phase modulation distributions, as will be 

15 d~scribed later, can also be included. In some cases it may 

not be possible to represent the phase modulati6n 
distr±butionas a simple polynomial. This difficulty may be 

overcome by finding a sim~le polynomial giving a first 

approximation to the desired phase modulation distribution. 

20 The coefficients of this polynomial are sent to the SLM. A 

bit-wise correction is sent for each pixel requiring a 

correction, together with an address identifying the location 

of the pixel. When the applied distribution is periodic only 

the corrections for Qne period need be sent. 

25 

The operating circuitry ii may be discrete from or 

integral with the SLM, or partly discrete and partly 

integral. 

30 Referring to Figure 3, a routing device 25 includes a 

dedicated SLM 20 hereinafter referred to as a ~corrective 

SLM" which synthesises a corrective optica! element. As shown 

in Figure 2, the corrective SLM 20 is used in combination 

with a routing SLM 21. Although the corrective SLM 20 is 
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shown disposed upstream of the routing SLM 21, it will be 

clear to those skilled in the art that it may alternatively 

be disposed downstream of the routing SLM 21. Equally, it 

will be clear to those skilled in the art that systems using 

routing devices other than the routing SLM 21 may benefit 

from the addition of’ a corrective SLM. 

I0 

The routing SLM 21 has operating circuitry 23 receiving 

routing control data at a routing control input 24, and 

providing on the SLM 21 sets of holograms for routing the 

beams 1,2. The corrective SLM 20 has operating circuitry 26 

receiving compensation or adaptation data at a control input 

27 to cause the SLM 20 to display selected holograms. In this 

embodiment, the SLM 20 forms a reflective lens. 

Synthesising a lens at an SLM in this way can be used to 

change the position of the beam focused spot and therefore 

correct for a position error or manufacturing tolerance in 

one or more other lenses or reflective (as opposed to 

20 transmissive) optical elements such as a curved mirror. The 

synthesised lens can be spherical or aspheric or cylindrical 

or a superposition of such lenses. Synthesised cylindrical 

lenses may have arbitrary orientation between their two long 

axes and the lens focal lengths can both be positive, or both 

25 be negative,, or one can be positive and the other negative. 

3O 

To provide a desired p~ase modulation profile for a lens 

or curved mirror to compensate for an unwanted deviation from 

a required system characteristic, the system is modelled 

without the lens/mirror. Then a lens/mirror having the 

correction to cancel out the deviation is simulated, and the 

parameters of the lens/mirror are transformed so that when 

applied to an SLM the same effect is achieved. To provide a 

desired phase modulation profile for other aberrations the 
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2O 

25 

3O 

system may be modelled to calculate the phase distortion 

across the SLM, comPared to the ideal phase distribution. The 

ideal phase distribution may be found by modelling the system 

,backwards’ from the desired output beam while the actual 

phase distribution may be found by modelling the system 

forwards from the input beam. The desired corrective profile 

is the conjugate phase of the phase distortion. Further, 

given a real system a sampling method (as will be described 

later) may be used to direct a fraction of the beam towards a 

wavefront sensor that may assess the beam. So far the process 

is deterministic. Then the changes "ar~ applied to the real 

system, and perturbations on the parameters are applied while 

monitoring the wavefront sensor and/or the input/output 

state, so as to determine" whether an optimum configuration is 

achieved. If not, the parameters are iteratively changed 

until a best case is achieved. Any known optimising technique 

may be Used. It is preferred to provide a reasonable starting 

point bydeterministic means, as otherwise local non-optimum 

performance maxima’may be used instead of the true optimum 

The method or device of the invention may be used to 

correct for aberrations such as field curvature in which the 

output ’plane" of the image(s) from an optical system is 

curved, rather than flat. 

Referring now to Figure 4, the corrective SLM 20, used 

purely for synthesising a corrective element, has operating 

circuitry 125, and further comprises processing circuitry 122 

and temperature sensors 123. In this embodiment the operating 

circuitry, temperature sensors and processing circuitry are 

integrated on the same structure as the rest of the SLM, but 

this is not critical to the invention. Associated with the 

processing circuitry .is a store 124 into which is programmed 

a lookup table. The sensors detect temperature changes in the 
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system as a whole and in the SLM, and in response to changes 

access the look up table via the processing circuitry 122 to 

apply corrections to the operating circuitry. These 

corrections affect the holograms displayed on the blocks 13, 

14 of pixels. The sensors may also be capable of correction 

for temperature gradients. 

I0 

This technique may also be applied to an SLM used for 

routing. 

Equally, even if in use the SLM forms a cQrrective 

element by having non-linear phase modulation applied across 

it, if it is operated in separate training and use phases, it 

may be desirable while training for the SLM to route as well. 

In this case the SLM scans the processed beam over a detector 

or routes the beam, possibly via one or more dummy holograms, 

into a monitor fibre. 

Referring now to Figure 5, an optical system 35 has a 

20 corrective SLM 30 with operating circuitry 31, and processing 

circuitry 32. The system includes further devices, here 

second and third SLMs 33 and 34, disp6sed downstream of the 

corrective SLM 30. The second SLM 33 is intended to route 

light to particular pixel groups 15, 16 of the third SLM 34. 

25 The third SLM 34 has monitor sensors 37 for sensing light at 

predetermined locations. In one embodiment these sensors are 

formed by making the reflective layer partially transmissive, 

and creating a sensing structure underneath. In another, the 

pixel electrode of selected pixels is replaced by a silicon 

30 photodetector or germanium sensor structure. 

Provided the routing -together with any compensation 

effects from the corrective SLM 30 - is true, the sen~ors 37 

will receive only a minimal amount of light. However where 
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misalignment or focus errors are present, the extent of such 

errors is detected by measuring the power coupledinto the 

monitor sensors. To that end, the sensors 37 are coupled to 

the.processing circuitry 32. The processing circuitry. 

contains a control algorithm to enable it to control the 

operating circuitry to make iterative adaptive changes to the 

compensating holograms displayed on the corrective SLM 30 

until the system alignment is measured to be optimised. 

In another embodiment a determined number of dummy ports 

are provided. For example for a connector two or more such 

ports are provided and for routing devices 3 or more dummy 

ports are provided. These are used for continuous 

misalignment monitoring and compensation, and also for system 

training at the start. 

2O 

25 

Referring now to Figure 6, a dual-function SLM 40 

provides both routing and correction. The SLM 40 has 

operating circuit~ 41 and processing circuitry 42. The 

operating circuitry 41 receives routing data at a first 

control input 44 for setting up the holograms on the SLM 40 

to achieve the desired routing. The processing circuitry 42 

also receives rou~’ing data on an input 45, and controls the 

operating circuitry using an algorithm enabling adaptation 

due to changes in the path taken through the system to take 

place on a timescale equivalent to that required to change 

the hologram routing, i.e. of the order of milliseconds. 

3O 

The control algorithms for this embodiment may u~e one 

or more of several types of compensation. 

In one embodiment a look-up table is stored in a memory 

43_, the look-up table storing pre-calculated and stored 
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values of the compensation for each different route through 

the system. 

In another embodiment the system is trained before first 

being operated, using iterative changes to the compensating 

holograms to learn how changing the compensating holograms 

affects the system performance, the resulting data being held 

in the memory 43. 

I0 

2O 

in a further embodiment, the processing circuitry 42 

employs intelligence responsive to signals from monitor 

sensors 47,48 for monitoring and calculation of how these 

compensatingholograms should adapt with time to accommodate 

changes in the system alignment. This is achieved in some 

embodiments by integrating circuitry components into the 

silicon backplane of the SLM, or by discrete components such 

as germanium detectors where the wavelengths are beyond those 

attainable by silicon devices. In some embodiments sensors 47 

are provided for s~nsing light at areas of the SLM, and in 

others the sensors 48 maybe remote from the SLM to sense the 

effects of changes on the holograms at the SLM. 

Referring now to Figure 7, an optical system 80 includes 

an SLM 81 for routing beams 1,2 of light from input fibres 

25 3,4 to output fibres 5,6 by means of holograms displayed on 

pixel groups 13,14 of the SLM.. The holograms are provided by 

operating circuitry 82 which responds to a control input 83 

to apply voltages to an array of pixellated elements of the 

SLM, each of which is applied substantially uniformly across 

30 the pixel of concern. This result is a discrete approximation 

of a linear phase modulation to route the beams. 

The operating circuitry 82 calculates the ideal linear 

phase ramp to route the beams, on the basis of the routing 
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control input 83 and resolves this phase modulo 2~. The 

operating circuitry at each of the pixels then selects the 

closest available phase level to the ideal value. For example 

if it is desired to route into the m’th diffraction order 

with a grating period ~ theideal phase at position u on the 

SLM 81 is 2nmu/~. Therefore, approximately, the phase goes 

linearly from zero up to. 2K over a distance ~/m after which 

it falls back to zero, see Figure 8a. 

]0 

20 

25 

3O 

Deliberate changes to the value of ’~’ can be used to 

reduce the coupling efficiency into the output in order to 

provide a desiredattenuation. This is suitable for applying 

a low attenuation but not for a high attenuation as the beam 

may then be deflected towards another output fibre, 

increasing the crosstalk..However if there is only one output 

fibre this method may be used. 

To provide a selected desired attenuation of the optical 

channel in the system, processing circuitry 85 responds to an 

attenuation control input 84 to modify the operation of the 

operating circuitry 83 whereby the operating circuitry 

selects a linear phase modulation such that by the end of 

each periodic phase ramp the phase has reached less than 2~, 

see Figure 8b. 

This may be achieved by calculating the ideal value of 

phase for every pixel, and then multiplying this ideal value 

by a coefficient r between 0 and I, determined on the basis 

of the desired attenuation. The coefficient is applied to 

every pixel of the array in order to get a reduced level per 

pixel, and then the available phase level nearest to the 

reduced level is selected. 
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]0 

The method of this embodiment reduces the power in this 

diffraction Order by making the linear phase modulation 

incomplete, such that by the end of each periodic phase ramp 

the phase has only reached 2~r. It has however been found 

that the method of this embodiment may not provide sufficient 

resolution of attenuation. It also increases the strength o~ 

the unwanted diffraction orders likely to cause crosstalk0 

When combined with deliberate changes in the length of the 

ideal phase ramp the resolution of attenuation may be 

improved. Again if there is only a single output fibre the 

crosstalk is les~ important. 

20 

Resolution may also be improved by having a more complex 

incomplete linear phase modulation. However, the unwanted 

diffraction orders may still remain too strong for use in a 

wavelength-routed network. Hence to control the power by 

adapting the routing hologram may have undesirable 

performance implications in many applications, as crosstalk 

worsens with increase of attenuation. The problem can be 

overcome by use of a complex iterative design. This could be 

used to suppress the higher orders but makes the routing 

control more expensive. 

25 

30 

Referring now to Figure 9, a system 99 includes an SLM 

90 controlled by applying a discrete approximation of a 

linear phase modulation to route beams 1,2 from input fibres 

3,4 to output fibres 5,6 as previously described with respect 

to Figure 8. Thus operating circuitry 91 selects a routing 

hologram for display by the SLM, in accordance with a routing 

input 92, whereby the beams may be correctly routed, using a 

look up table or as otherwise known. A memory holds sets of 

data each allowing the creation of a respective power 

controlling hologram. Processing circuitry 93 runs an 

algorithm which chooses a desired power controlling hologram 
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corresponding to a value set at a power control input 94. The 

power controlling hologram is selected to separate each beam 

into respective main la, 2a and subsidiary lb, 2b beamS, such 

that the main beams la, 2a are routed through the system and 

the or each subsidiary beam(S) ib, 2b is/ are diffracted out 

of the system, for example to a non-reflective absorber 95. 

I0 

The processing circuitry 93 applies the power 

controlling hologram data to a second input 95 of the 

operating circuitry 91 which acts on the routing hologram 

data so as to combine the routing and power controlling 

holograms together to provide a resultant hologram. The 

operating circuitry then selects voltages to apply to the SLM 

90 so that the. SLM dis~iays the resultant hologram. 

Thus power in a routing context is controlled by 

combining the routing hologram by another hologram that has 

the effect of separating the beamLint° a main beam and a set 

of one or more subsidiary beams, of which the main beam is 

allowed to propagate through the system as required while the 
other(s) are diffracted out of the system. 

~    For example consider a hologram that applies phases of 

+~ and -@ on adjacent pixels. In terms of real and imaginary 

partS this hologram has the same real part, cos @, on every 

pixel, see Figure I0 while the imaginary part oscillates 

between ~ sin ~- It can-be shoWn using Fourier theory that 

the net effect is to multiply the amplitdde of the origina! 

routed beam by a factor cos @, and to divert the unwanted 

power into a set of weak beams at angles that are integer 

multiples of ~/2p with respect to the original routed beam, 

where ~ iS the operating wavelength and P is the pixel pitch. 

TS0000847 



The system is designed such that light propagating at 

such angles falls outside the region of the output fibres 5,6 

of Figure 9. An alternative design directs the unwanted light 

into output fibres 5,6 at such a large angle of incidence 

that the coupling into the fundamental mode is very weak, and 

has no substantial effect. In this case the unwanted power is 

coupling into the higher-order modes of the fibre and so will 

be attenuated rapidly. A fibre spool or some other technique 

providing mode stripping is then used on the output fibre 

before the first splice to any other fibre. 

In either case, the effective attenuation of the beam is 

i0 log10 cos2~. Hence, in this way, polarisation-independent 

phase modulation may be used to create an effect equivalent 

to polarisation-independent amplitude modulation. In this 

particular case the pseudo-amplitude modulation applied at 

every pixel is cos @. 

2O 

It will be clear to those skilled in the art that use of 

alternate pixels as the period of alternation is not 

essential, and may in some cases be undesirable. This is 

The period and pattern of alternation can be varied so 

25 as to adjust the deflection angle of the ’unwanted power’. 

This light directed away ~rom the output fibres can be 

collected and used as a monitor signal. Hence the pseudo- 

amplitude modulation can be used to sample the beam incident 

on an SLM. This .sampling hologram can be combined with a 

30 routing and/or power control and/or corrective SLM. In the 

latter case the sampled beam can be directed towards a 

wavefront sensor and then used to assess the quality of the 

beam correction. While the pseudo-amplitude modulation as 

3O 
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described above is applied to the whole beam, it could be 

applied selectively to one or more parts of the beam. 

A further modification to this pseudolamplitude 

modulation is to multiply it by a further phase modulating 

hologram such as to achieve a net effect equivalent to a 

complex modulation" such a method could be used, for example, 

to control the strength of unwanted diffraction orders likely 

to cause crosstalk or back reflection. 

It is often important that the sampling hologram takes a 

true sample of the o~tput beam. Therefore in some cases the 

sampling hologram should be applied after the combination of 

all other desired effects including resolution modulo 2 pi 

and approximation to the nearest available phase level. In 
this case the overall actual phase modulation d{stribution is 

a~hieved by a method equivalent to forming the product of the ¯ 

sampling hologram and the overall hologram calculated before 

¯ 2o 

25 

30 

sampling. 

similar pseudo-amplitude modulation techniques may be 

extended to suppress the crosstalk created by clipp±ng of the 

beam tails at the edges and to tailor the coupling efficiency 

vs. transverse offset characteristic of the output fibres. 

since the transverse position at the output fibre is 

wav41ength dependent, this tailoring of the coupling 

efficiency vs. offset can be used to tailor the wavelength 

response of the system. This is important in the context of 

wavelength division multiplexing (WDM) systems where the 

system wavelength can be expected to lie anywhere in the 

range of the available optical amplifiers- The output angle 

for beam steering using an SLM and periodic linear phase 

modulation is proportional to the wavelength while the focal length of corrective lenses is also wavelength-dependent 
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Therefore a hologram configured to give the optimum coupling 

efficiency at one wavelength will produce an output.beam with 

transverse and/or longitudinal offset at another wavelength. 

These effects result in wavelength-dependent losses in 

systems required to route many wavelength channels as an 

ensemble. Hence a method designed to flatten or compensate 

for such wavelength-dependent losses is useful and important. 

tO 

Among the envisaged applications are the flattening of 

the overall wavelength response and the compensation for gain 

ripple in optical amplifiers, especially Erbium-doped fibre 

optic amplifiers (EDFA). 

An SLM device may also be used to adapt the shape, e.g. 

the mode field shape, of a beam in order to suppress 

crosstalk. 

2O 

25 

Beam shaping is a type of apodisation. It is 

advantageously used to reduce crosstalk created at a device 

by clipping of the energy tails of the light beams. Such 

clipping leads to ripples in the far field. Clipping occurs 

because the energy of the beam spreads over an infinite 

extent (although the amplitude of the beam tails tends to 

zero), while any device upon which the beam is incident has a 

finite Width. Clipping manifests itself as a discontinuity in 

the beam amplitude at the edges of the device 

3O 

Referring to Figure ii, two SLMs I00,I01 are used for 

beam steering or routing of beams !,2 from input fibres 3,4 

to output fibres 5,6, as described in PCT GB00/03796. Each 

SLM I00,!01 is divided into a number of blocks of pixels 

103a, 104a; 103b, 104b. Each block 103a, 104a is associated 

with a particular input fibre 3,4 -i.e. the fibre of concern 

points to the subject block. Each block displays a hologram 
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that applies routing. As previously discussed herein the 

hglograms may also or alternatively provide focus 
compensation, aberration correction and/or power control 

and/or sampling, as required." 

The blocks 103a, 104a at theinput SLM 10g eMch receive 

a beam from an associated input fibre 3,4 while the blocks 

103b, !04b at the output SLM 101 each d~rect a beam towards 

an associated output fibre 5,6. Each block !03a, 103b has a 

finite width and height. As known to those skilled in the art 

and as previously noted," the beam width is infinite, 
therefore the block clips the beam from or to the associated 

fibre and this creates undesired ripples in the far field. 

2O 

25 

3O 

The ripples due to clipping of the beam 1 are 

figuratively shown as including a beam 106 which, it will be 

seen, is incident on the wrong output hologram, displayed_on. 

block 104b at the output SLM I01. ~Wrong" signifies 

holograms other th~n that to which the beam of concern is 

being routed, for example holograms displayed by blocks 

around the block to which the beam should be routed, some of 
these ripples will then be coupled into ~wrong" output fibres 

5,6 -i.e. those to which the beam is not deliberately being 

routed- leading to crosstalk- it will be clear to those 

skilled in the art that these effects will be present on 

blocks other than those adjacent to the ~correct" blocks, as 

the field of beam 1 is infinite in extent. 

In any physical system, the effect of the ripples created 

by clipping at the output SLM i01 depends on the optical 

architecture- Where a 2-element confocal demagnification 

stage is used between the SLM and fibres, the beam at the 

o~tput fibre 5,6 is a demagnified image of the beam coming 

from the output hologram. The SLM may be at the focal plane 
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I0 

of the associated lens, but more usually the SLMs are not 
exactly at the focal plane of the second lens in each 

,telescope’ In tha~ situation, the beam will only 

approximate to an image of the beam ’at’ the output hologram. 

In pxactice the non-ideal transfer function of the 

optics means that a sharp change in the amplitude spreads out 

and causes crossta!k in adjacent output fibres. In effect the 

optics applies a limit to the range of spatial frequencies 
that can be transmitted. This frequency limit causes 

crosstalk. 

Now consider a different optical architecture, in which 

instead of the two-element stage, there is a single lens 

t5 between the SLM and output fibres where the SLM is at one 

focal plane of the lens and the output fibre(s) are at the 

other foca! plane. From the Abbe theory of imaging the output 

field reaching the output fibre is the Fourier Transform of 

the field leaving ~he SLM. in fact the output field is the 

20 far field of the field leaving the SLM. The ripples due to 

clipping increase the crosstalk in fibres adjacent to that 

towards which the beam is bein~ routed. 

30 

25 

The wider the device, compared to the beam spot size at 

the device, the weaker the ripples in the far field and the 

lower the crosstalk. In general a parameter ’C’ is defined 

such that the required width of SLM per beam is given by 

H=C.~, where ~ is the beam spot size at the SLM. The value 

of C depends on the beam shape and the allowable crosstalk. 

Typically for a Gaussian beam, with no beam shaping and 
aiming for crosstalk levels around -40 dB, C would be 

selected to have a value greater than or equal to 3. Looking 

at this system from the spatial frequency viewpoint, the 
field incident on the SLM contains (for perfect optics) all 
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the spatial frequencies in the input beam. The finite device 

widthcuts off the higher spatial frequencies, so, again, the 

optics applies a limit to the .range of spatial frequencies 

that can be transmitted and this frequency limit causes 

crosstalk. 

I0 

Beam shaping can be used to decrease the crosstalk for a 

given value of C, and also allow the use of a lower value of 

C. Calculations for NxN switches have shown that decreasing 

the value of C leads to more compact optical switches and 

increases the wavelength range per port. Hence beam shaping 

can be employed to provide more compact optical switches 

and/or an increased wavelength range per port. 

2O 

25 

The idea behind using beam shaping or ,apodisation’ to 

reduce crosstalk is based on an anal0gy with digital 

transmission systems. In these systems a sequence of pulses 

is transmitted through a channel possessing a limited 

bandwidth. The frequency response of the channel distorts the 

edges of pulses being transmitted so that the edges may 

interfere with one another at the digital receiver leading to 

crosstalk. The channel frequency response can, however, be 

shaped so as to minimise such crosstalk effects. Filters with 

responses that have odd-symmetry can be used to make the 

edges go through a zero at the time instants when pulses are 

detected. 

3O 

Therefore beam-shaping with odd symmetry can be used to 

make the crosstalk go through a zero at the positions of the 

output fibres. Such a method iS likely to be very sensitive 

to position tolerances. 

Another method used in digital systems is to shape, the 

frequency cut-off so that it goes smoothly to zero. In the 
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20 

25 

present context the ideal case of ’smoothly’ is that the 

channel frequency response and all derivatives of the 

frequency response become zero. In practice it is not 

possible to make all derivatives go to zero but a system may 

be designed in which the amplitude and all derivatives up to 

and including the k’th derivative become zero at the ends of 

the frequency range. The higher the value of k, the quicker 

the tails of the pulse decay. Therefore the beam shaping 

should go as smoothly as possible to zero. 

To investigate the effects of beam shaping the amplitude 

modulation was treated as continuous. The system studied was 

a single lens 2f system where 2f is the length of the system 

between fibres and SLM, assuming f is the focal length with 

fibres in one focal plane, and an SLM in the other focal 

plane. The input fibre beam was treated as a Ga~ssian. 

Various amplitude modulation shapes were applied at the SLM 

and the coupling efficiency into the output fibre was 

calculated. In thi~ architecture and from Abbe theory, the 

incident field at the SLM is proportional to the Fourier 

Transform of the field leaving the input fibre. In 

particular, different spatial frequencies in the fibre mode 

land on different parts of the SLM. Clipping removes the 

spatial-frequencies outside the area of the hologram. Beam 

shaping at the SLM has the effect of modifying the relative 

amplitude of the remaining spatial frequencies. 

3O 

Residual ripples may still remain due to the 

discontinuity in the beam derivative but the ripples will be 

reduced in amplitude and decay more quickly. Further 

reduction in the ripple amplitude and increase in the rate of 

decay may be achieved by shaping the beam such that both the 

amplitude and the.first k derivatives go to zero at the 

edges. 
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A particularly advantageous shape is one in which the 

shaped beam has odd symmetry about-points midway between the 

centre and the edges such that the beam amplitude and all of 

its" derivatives go to zero at the beam edges. 

I0 

Another pseudo-amplitude modulation can be created to 

implement the beam shaping. This may be achieved by 

recognising that a phase modulation exp. j ~(u), where j is 

the complex operator, is equivalent to a phase modulation cos 

@(u) + j sin @(u). Now choose @(u) such that the modulus of 

@(u) is varying slowly but the sign is oscillating. 

20 

Hence the real part of the modulation, cos ~(u), will be 

slowly’varying and can act as the amplitud@ modulator to 

create the beam shape, while the imaginary part of the 

modulation, ¯ sin @(u) will be oscillating rapidly with an 

equivalent period of 2 or more pixels. Hence the energy 

stripped off by the effective amplitude modulator will be 

diffracted into a set of beams that are beam-steered out of 

the system at large angles. 

25 

30 

In apreferred embodiment, the system is designed such 

that light travelling at such angles will either not reach 

the output plane or will land outside the region defined by 

the output ports. Therefore the beam component shaped by sin 

@(u) is rejected by the optical system, while the beam 

component shaped by cos ~(u) is accepted by the system and 

couples inho one or more output ports, as required. While 

this explanation is for a one-dimensional phase modulator 

array the same principle is applicable in 2-D. If ~(u) varies 

from 0 at’the centre of the beam to ~/2 at the edges then the 

amplitude of the beam shaped by cos @(u) varies from 1 at the 
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centre of the beam to 0 at the edges, thus removing the 

amplitude discontinuity that creates ~ippling tails in the 

far field. This can be achieved with minimal change to the 

insertion loss of the beam as it passes through the system. 

Indeed, often the insertion loss due to clipping is due to 

interference from the amplitude discontinuity, rather than 

the ~oss of energy from the beam tails. 

10 

The beam-shaping hologram is non-periodic but 

oscillatory and may be applied as a combination with other 

routing and/or lens synthesis and/or aberration correcting 

and/or power control and/or sampling holograms. 

Further advantages of the beam shaping are that it’ 

15 reduces the required value of C for a given required 

crosstalk, allowing more compact optical switches. Another 

advantage is that the crosstalk decays_much more rapidly with 

distance away from the target output fibre. Hence, 

essentially, the output fibres receive crosstalk only from 

20 their nearest neighbour fibres. 

Therefore in a large optical switch used as a shared NxN 

switch for a range of wavelengths, it should be possible to 

arrange the wavelength channel allocation such that no output 

25 fibre collects crosstalk from a channel at the same system 

wavelength as the channel it is supposed to be collecting. 

This would reduce significantly the homodyne beat noise 

accumulation in networks using such switches, and, 

conversely, allow an increase in the allowed crosstalk in 

30 each switch as heterodyne crosstalk has much less of an 

impact at the receiver, and can also be filtered out if 

necessary. 
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I0 

The crosstalk suppression method uses beam shaping to 

suppress ripples in the~ beam tails. The same method can be 

adapted to change the beam shape around the beam centre. For 

the case when the output beam is an image of the beam at the 

SLM the beam shaping is working directly on an image of the 

output beam. The fraction of the initial beam that. is shaped 

by the slowly varying function cos @(u) can have the correct 

symmetry to couple efficiently into the fundamental mode of 

the output fibre. The fraction of the initial beam that is 

shaped by the rapidly varying function ¯ ~in ~(u) has the 

wrong symmetry to couple into the fundamental mode and can be 

adjusted to be at least partially orthogonal to the 

fundamental mode. 

2O 

Effectively, it is the fraction of the beam shaped by 

cos @(u) that dominates the coupling efficiency into the 

fundamental mode. Therefore the dependence of the coupling 

efficiency vs. transverse offset is dominatedby the overlap 

integral between the cos @(u) shaped beam and the fibre. 

fundamental mode. 

25 

3O 

When the incident beam is the same shape as the 

fundamental m~de and for small transverse offsets the 

coupling efficiency decr4ases approximately parabolically 

with transverse offset. In many beam-steering systems using 

phase-modulating SLMs the transverse offset at the output 

fibre increases linearly with the wavelength difference from 

the design wavelength- Consequently the system coupling 

efficiency decreases approximately parabolically with 

wavelength difference from the design wavelength. Beam . 

shaping can be used to adjust the shape of the incident beam 

and optimised to flatten the dependence on transverse offset 

and hence to flatten the wavelength response. Alternatively a 
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more complex wavelength dependence could be synthesised to 

compensate for other wavelength-dependent effects. 

tO 

2O 

The beam shaping method may be extended to control and 

adapt the amplitude of the beam steered through the system. 

If ~(u) varies from ~ at the centre of the beam to ~/2 at the 
edges then the real part of the pseudo-amplitude modulation 

can be considered as cos ~ multiplied by an ideal beam- 

shaping function that causes insignificant insertion loss. In 

which case there is an associated additional insertion loss 

given by approximately 101ogx0 (cos¯ ~). By varying the value 

of ~ we may vary the beam power. Therefore we may use the 

same device to achieve power control, otherwise known as 

channel equalisation, as well as changing the routing or 

direction of a beam. Deliberate changes in the beam shaping 

function can be used to increase the number of ’grey levels’ 

possible for the beam attenuation, i.e. to provide an 

increased resolution- As for the beam shaping, the rejected 

power is diffracted out of the system. Therefore this 

attenuation method does not increase crosstalk. 

25 

~no~her tec ’                         ’     b~=m ~--wer withuut 
increasing crosstalk is to deflect the unwanted energy in a 

direction orthogonal to the fibres susceptible to crossta!k. 

This may be combined with yet another technique, namely 

distorting the beam phase in such a way that much of the 

energy couples in to the higher-order modes of the fibre, 

rather than the fundamental mode that carries the signal. The 

beam phase distortion may alternatively be used alone. 

30 

In a preferred embodiment, these methods are achieved by 

dividing the area of the SLM on which the beam is incident 

into a set of ,power controlling’ stripes. The long side of 

the stripes are at least substantially, in the plane in which 
4O 
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I0 

the input and output beam are travelling- By ~arying the 

relative phase in the stripes the coupling efficiency into 

the fundamental mode of the output fibre is changed, and 

hence the throughput efficiency of the optical system is set. 

This method can be applied to a pixellated device that is also routing or otherwise adapting a beam. In this case each 

one and many of the pixels 

strlp would contain between 

alzeady in use. 

20 

Alternatively the long Ride of the power controlling 

stripes could be in one plane in one electrode, with the long 

side of the routing pixels in an ~rthogonal direction in the 

other electrode, of which either the stripe electrodes, or 

the pixellated electrodes, or both, are transparent- 

Alternatively the device acts solely as a beam power 

controller, or channel equaliser- In this case each stripe 

could be a single pixe~. The set of stripes for each beam 

defines a block. Miny blocks could be placed side by side to 

form a row of blocks, with each block in the row providing 

channel.equali~ati°n for a different beam. Many rows could 

also be provided so as to provide channel equalisation for 

signals coming in on different input fibres. 

25 If a pair of confocal focusing elements is disposed 

between the output fibre and SLM then the output fibre 

receives an image of the field at the SLM. In this case the 

attenuation at the output fibre is governed by the 

orthogonality between the image and the fundamental mode of 

30 . the fibre. Assuming, and without loss of generality, that a 

perfect image is formed such that sharp phase discontinuities 

are preserved, it may be shown that t~e coupling efficiency 

into the fundamental mode is proportional to the square of a 

sum of weighted integrals- The weight is the modulation exp 
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]5 

20 

25 

j@ applied by a stripe, and the associated integral is over 

the area onto which that stripe is imaged. The integrand is 

positive and depends on the square of the local electric 

field associated with the fundamental mode. Each integral is 

represented as a phasor, with a length depending on how much 

of the fundamental mode power passes through the region onto 

which the stripe is imaged, and a phasor angle depending on 

the phase modulation. The net coupling efficiency is given by 

the magnitude of the vector summation of the individual 

phasors associated with each stripe. For simple devices it 

may be advantageous to use as few stripes as possible as this 

reduces any losses due to dead space between the stripes and 

reduces the control complexity. With only two stripes of 

approximately equal area (and hence two phasors of 

approximately equal length) the possible vector sums lie on a 

semicircle and hence the number of possible grey levels is 

equal to the number of phase levels between 0 and pi, which 

may not be sufficient. Transverse offset of the output fibre 

with respect to the centre of the image has the effect of 

making the two phasors unequal and hence complete extinction 

is not possible. These problems may be overcome by using 

stripes the loci of vector sums lie on circles centred about 

the semicircle taking just two of the stripes into 

consideration. Hence many more values are possible. 

Increasing the number of stripes increases the number of grey 

levels.and the depth of attenuation. 

30 

A fibre spool is used on the output fibre before any 

splices are encountered. It will clear to those skilled in 

the art that other mode stripping devices or techniques could 

be used instead. 
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This system can also be adaptive: given knowledge of the 

applied phase by each ~tripe and enough measurements of the 

coupling efficiency, the lengths of the different phasors 

associated with each stripe can be calculated- Given these 

lengths the performance can be predicted for any other 

applied phases. Hence suitable algorithms can be included in 

the SLM or interface to train and adapt the device 

performance to cater for transverse offset of the output 

fibre and other misalignments- 

I0 

2O 

Sharp edges or phase discontinuities in this image will 

be eroded by the optical modulation transfer function (MTF) 

but, nevertheless, where a sufficient number of stripes is 

provided it is possible to vary the phase modulation of each 

and achieve a wide range of attenuation- 

Ultimately what limits the depth of attenuation is. the 

residual ze~o-orde~ due to, for example, an imperfect 

quarter-wave plate or Fresnel reflections from different 

surfaces inside the SLM such that the reflegted light has not 

yet been phase-modulated- An example reflection is from the 
interface between the cover glass and tyansparent electrode- 

such residual zero orders will couple into the output fibre 

independently of the phase modulation. In many cases the 

residual zero order will have a different polarisation state 

to the beam that has been properly processed by the phase 

modulation, so even adapting the phase modulation will not 

recover the depth of attenuation. 

3O 
In such cases it is advantageous to apply some routing 

to the output fibre, such that the zero order is offset from 

the output fibre ~nd the intended output beam is steered into 

a diffraction order of the .routing hologram- For a many- pixellated SLM this may be achieved using the standard 
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routing algorithm described earlier. For a simple SLM with 

few pixels, e.g. the one with the stripes in the plane of the 

input and output fibres, these stripes can be subdivided in 

an orthogonal direction, that is to create a 2-D array of 

pixels. This however increases the device complexity. 

An alternative simple device is to combine it with a 

tip-tilt beam-steering element, as described in Optics 

Letters, Vol. 19, No 15, Aug i, 1994 ~Liquid Crystal Prisms 

]0 For Tip-Tilt Adaptive Optics= G D Love et al. In this case 

the top ’common electrode’ is divided into a set of top 

electrodes, one for each device, where each device is assumed 

to receive a separate beam or set of beams. Each top 

electrode has different voltages applied on two opposite 

]5 sides. The shape of the top electrode is such that the 

voltage between the electrodes varies nonlinearly in such a 

way as to compensate for the non-linearity of the phase vs. 

applied volts characteristic of th@ liquid crystal. Hence 

with all the strip~ electrodes at the same voltage the device 

20 provides a linear phase ramp acting like a prism and 

deflectin~ the phase-modulated beam in a pre-defined 

direction, such that the residual zero order falls elsewhere, 

as required. Changing the stripe electrode voltage causes 

phase changes in the imaged beam but does not prevent the 

25 deflection. Small adjustments in the phase ramp can be used 

to compensate for component misalignments and/or curvature of 

the SLM substrate and/or wavelength difference from the 

design wavelength for the tip-tilt device. Such small 

adjustments in the phase ramp can also be used to achieve 

30 fine control over the attenuation. Hence such a device would 

be useful whether or not the required attenuation is 

sufficiently strong for the residual zero order to become a 

problem. Alternatively the top electrode can be divided into 

two or more areas, with the shape of each so as to compensate 
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I0 

for the phase vs. volts non-linearity- varying the voltage on 

the ends of each electrode can be used to offset the phase 

modulation of each stripe in order to create the desired 

attenuation. In this case the aluminium electrode would be 
common to the device, removing dead-space effects. 

In another embodiment of the tip~tilt device, the top 

electrode is common to al! devices and a shaped transparent 

electrode is provided, e.g. by deposition, on top of the 

quarter-wave plate, with connections to the SLM circuitry to 

either side of the device. In this case the aluminium may act 

only as a mirror and not as an electrode. Again the shaped 

transparent electrode may be subdivided into two or more 

ar4as to provide the attenuation. This embodiment avoids 

dead-space effects and also avoltage drop across the 

quarter-wave plate. 

In a further embodiment’such a tip-tilt device has a 

shaped transparent electrode on both cover glass and quarter- 

20 

wave plate. The planes of tip-tilt for the two devices may be 

orthogonal or parallel, with two parallel tip-tilt electrodes 

the device may act as a power-controlling two-way switch, and 

also, as will be described later, can be used in a multi- 
channel add-drop multiplexer, with two orthogonal tip-tilt 

25 electrodes the device can beam steer in 2-dimensions such as 

to correct for positional errors. Either of the two tip-tilt 

electrodes can be subdivided so as to provide attenuation- 

3O 

One. advantageous SLM is that describedin our co-pending 

patent application EPI053501. 

If there is a single focusing element between the output 

fibre and SLM then the field at the output fibr~ is the 

Fourier Transform of the field leaving the SLM. Three 
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classes of phase modulation can be used to change the 

coupling efficiency into the output fibre. The first two 

classes assume a many-pixellated SLM while the third class 

assumes a few-pixel SLM with or without tip-tilt features as 

described earlier. In the third class the tip-tilt feature 

may be used to compensate for transverse positional errors in 

the input and output fibre. 

I0 

The different classes of phase modulation result in a 

variable coupling efficiency at the output fibres using the 

following methods: 

20 

25 

As noted above, the first class uses a many-pixellated 

SLM. A periodic phase modulation is applied that creates a 

set of closely spaced diffraction orders at the output fibre. 

The spacing is comparable to the fibre mode spot size such 

that there is ~igni~ic~ interference between the tails of 

adjacent diffraction orders. The phases of these diffraction 

orders are chosen such that the resulting superposition is 

rapidly alternating in phase and therefore couples into the 

higher-order fibre modes. Varying the strength, phase and 

position of each diffraction order chanqes the attenuation. 

If the long sides of the stripes used to create this 

alternating output field are in the plane of the input and 

output fibres, then diffraction orders landing outside the 

target optical fibre fall along a line orthogonal to the 

output fibre array, and therefore do not cause crosstalk. 

3O 

In the second class, again using a many-pixellated SLM, 

a non-periodic smoothly varying non-linear phase modulation 

is applied at the SLM, in this case the SLM acts as a 

diffractive lens such that the beam is defocused and couples 

into higher-order modes.            ~ 

46 

TS0000864 



In the third class, which uses a simple SLM with few 

pixels, the pixels are used to apply phase distortion across 

the beam incident on the SLM. such phase modulation can be 

considered to be equivalent to the first class but with a 

long p~riod. The phase distortion at the SLM results in 

amplitude and phase distortion in the reflected beam and 

hence reduces the coupling efficiency into the output fibre. 

I0 

Again, all three methods require use of a mode stripper on the output fibre- Again sUitable algorithms can be 

included in the SLM or interface to train the system. 

20 

3O 

Another embodiment, not illustrated, uses a graded-index 

(GRIN) lens secured to one face of an SLM, and having input 

and output fibres directed on or attached to the opposite 

face. The SLM may provide selective attenuation, and/or may 

selectively route betwe4n respective input fibres and 

selected output fibres. A requirement for stable performance 

is fundamental for optical devices used in communications and 

like fields. One of the dominant manufacturing costs for such 

optical devices is device packaging The GRIN lens 

architecture results in a compact packaged device resilient 

to vibrations- However, the architecture can have problems 

with spherical aberration and problems in achieving the 

required alignment accuracy- In particular there is often a 

requirement for precise transverse positioning of the fibres. 

AlsO due to manufacturing tolerances in the GRIN lens the 

focused spot in the reflected beam can be offset 

significantly in the longitudinal direction from the end face 

of the output fibre, resulting in an insertion loss penalty. 

This problem gets worse the longer the GRIN lens. Applying 

selected non-linear phase modulation to the SLM may 

compensate for problems such as focus errors, length .errors, longitudinal positional errors and spherical aberratibn. 
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Applying selected linear phase modulation to the SLM and/or 

using tip-tilt electrodes may compensate for problems such as 

transverse positional errors. 

Optica! systems using SLM devices may individually 

process the channels from an ensemble of channels on 

different wavelengths, entering the system as a multiplex of 

signals in a common beam. In a first application, the SLM 

devices carry out attenuation, known in this context as 

]0 channel equalisation. A second application is add-drop 

multiplexing. Further applications are reconfigurable 

wavelength demultiplexers and finally modular routing nodes. 

In all of these applications the SLMs may carry out routing 

and/or power control and/or beam shaping and/or sampling 

15 and/or corrective functions as described earlier. The system 

to be described is not restricted to this set of four 

applications but is~a general multi-wavelength system 

architecture for distributing the wavelength channels across 

an array of devices and recombining the processed channels 

20 onto one or more selected outputs. 

3O 

~ch multi-wavelength architectures can be adaptations 

of optical architectures used for wavelength de-multiplexing. 

Wavelength demultiplexers typically have a single input port 

and many output ports. These can use one or more blazed 

diffraction gratings: either in free-space or in integrated 

.form such as an AWG (A~rayed Waveguide Grating). These 

devices are reciprocal and hence work in reverse. Hence if a 

signal of the appropriate wavelength is injected into the 

output port it will emerge from the input port. The output 

port usually consists of an optical waveguide or fibre with 

an accepting end that receives a focused beam from the 

optical system and a delivery end providing an external 

connection. Now consider replacing the acceptance end of the 
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output waveguide/fibre with a reflective SLM: all of the 

processed signals reflected straight back will couple into 

the input fibre and emerge from the input port. These signals 

can be separated from the input signal with a circulator. 

Alternatively the system is adapted so that the reflected 

signals emerge and are colle~ted together into a different 

fibre. 

Free-space optical systems performing wavelength de- 

multiplexing can use diffraction gratings made by ruling, or 

from a master, or made holographically, or by etching. 

Usually these work in reflection but some can work in 

transmission. One or two gratings can be used in the system. 

The optics used to focus the beams can be based on refractive 

elements such as lenses or reflective elements such as 

mirrors o~ a combination of the two. 

Referring to ~igure 12., a single grating 300 is used 

with refractive focusing elements and, to make the diagram 

clearer, the grating is drawn as if it works in transmission. 

Possible adaptations are to use two gratings and/or 

reflective focusing elements and/or gratings .that wor~ in 

reflection. 

25 

3O 

A first input beam 301 from an input port 304 (please 

note there wil! be some additional optics between the input 

port/output port and the diffraction grating) contains an 

ensemble of channels at different wavelengths entering the 

system on the same input port. After passing through the 

grating 300 the beam 301 is split into separate beams 301a, 

301b for each wavelength channel, each travelling in a 

different direction governed by the grating equation. The 

grating 300 is positioned in the input focal plane of a main 

lens 310 with a reflective SLM 320 at the output focal plane 
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of lens 310. If desired, there may also be a field-flattening 

lens just in front of the SLM. 

As is clear to those skilled in the art, the incident 

5 beams 301a, 301b emerge mutually parallel from the lens 310, 

but spatially separate. Thus, the lens refracts each beam to 

a different transverse position 320a, 320b on the SLM. At 

each position there is a pixellated ho!ogram device and/or 

tip-tilt device for processing the relevant wavelength 

component of the beam. The width of each hologram or tip/tilt 

device compared to the spot size of the incident beam 

incident is sufficient to avoid clipping effects. Instead, or 

additionally, beam shaping may be used. The device may be 

controlled to deflect or attenuate the beam as described 

earlier, and provides output processed beams 302a, 302b. The 

processed beams are reflected back from the SLM 320 towards 

the main lens 310 and then refracted back by the main lens 

towards the diffraction grating 300. The grating then 

diffracts the beams. It may be shown that, assuming the SLM 

20 is flat, all beams subjected to the same deflection at the 

SLM and entering the system in the same common input beam 

will emerge parallel and coincident from the diffraction 

grating. SLM curvature can be compensated by small changes in 

the deflection angle due to the SLM. Therefore all beams 

subjected to the same eventual deflection from the SLM are 

collected into the same output port 305. Hence a system may 

be constructed with a single input port 304 and a single 

output port 305 that produces independent attenuation or 

level equalisation for each wavelength channel. 

3O 

By having a choice of two or more deflection angles at 

the SLM every input channel may be routed independently to 

one of two or more output ports. There may also be two or 

more input ports. It may be shown that for one or more 
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parallel input beams, the action of the gratin~ and main lens 

is such that all channels at the same wavelength but from 

different input ports are incident at the same transverse 

position ~t the SLM. Hence these channels at the same 

wavelength are incident on the same channel processing 

hologram and/or tip-tilt device. As every wavelength channel 

is incident on a different device, the device response may be 

optimised for that particular wavelength. For example if a 

pixellated SLM is used the deflection angle is proportional 

to the wavelength. Hence small adjustments in the phase ramp 

can be used to adjust the deflection angl~ to suit. the 

wavelength to be routed. 

2O 

25 

30 

In an alternative embodiment the input beam or input 

.beams contain bands of channels, each incident on their own 

device. In this and the previous embodiment the beam 

deflection or channel equalisation may vary discontinuously 

with wavelength. 

In a third embodiment the-input beam could contain one 

or more signals spr@adalmost continuously across the 

wavelength range. The light at a particular wavelength will 

be incident over a small transverse region of the SLM, with, 

typically a Gaussian type spatial distribution of energy 

agaipst position. The position of the peak in the spatial 

distribution is wavelength dependent and may be calculated 

from the grating and lens p~operties. For such a system the 

beam deflection or channel equalisation varies continuously 

with wavelength. The pixellated SLM is divided into blocks, 

each characterised by a ’central wavelength’, defined by the 

wavelength whose spatial peak lands in the middle of the 

block. A particular channel equalisation or beam deflection 

is applied uniformly across this block. Light of a wavelength 

with a spatial peak landing in between the centres of two 
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2O 

25 

blocks will see a system response averaged across the two 

blocks. As the spatial peak moves towards the centre of one 

block the system response will become closer to that of the 

central wavelength for the block. Hence a continuous 

wavelength response is obtained. The block size is selected 

with respect to the spatial width of each beam in order to 

optimise the system response. This method is particularly 

attractive for increasing the wavelength range of a 1 to N 

switch. 

The efficiency of a blazed diffraction grating is 

usually different for light polarised parallel or 

perpendicular to the grating fringes. In the multi-wavelength 

systems described above the effect of the quarter-wave plate 

inside the SLM is such that light initially polarised 

parallel to the grating fringes before the first reflection 

from the blazed grating is polarised perpendicular to the 

grating fringes on the secondreflection from the blazed 

grating. Similarly th~ light initially polarised 

perpendicular to the grating fringes before the first 

reflection from the blazed grating is polarised parallel to 

~h~ S~g fringes on the seco~d..reflection from the blazed 

grating. Hence, in this architecture, the quarter-wave plate 

substantially removes the polarisation dependence of the 

double pass from the blazed grating, as well as that of the 

phase modulation. 

3O 

Returning to the architecture that produces independent 

effects for every wavelength channel, a system with two 

inputs and two outputs can work as an add-drop multiplexer. 

Add-drop multiplexers are usually used in ring topologies, 

with the ’main’ traffic travelling between the ring nodes, 

and ’local’ traffic being added and dropped at each node. 

Considering each node, one input (main in) is for the 

52 

TS0000870 



5 

I0 

20 

25 

ensemble of channels that has travelled from the ,previous’ 

routing node. The second input (add) is for the-ensemble of 

channels to be added intothe ring network at the add-drop 

node. One output (main out) is for the ensemble of channels 

travelling to the ’next’ routing node while the second output 

(drop) is for the ensemble of channels to be dropped out of 

the ring network at the node. If a particular incoming 

wavelength channel is not to be ,dropped’ at the node, then 

the channel-dedicated device at the SLMshould be configured 

to route the incoming wavelength from the main input to the 

main output. However, if a particular incoming wavelength 

channel is to be dropped, then the channel-dedicated device 

at the SLM should be configured to route the incoming 

waveAength from the main input to the drop output. In this 

case the main output now has available capacity for an added 

channel at that same wavelength- Therefore the input beam 

carrying the channels entering the add port should be 

positioned so that when the device is configured to route 

from main in to drop, any channel coming in from the add port 

is routed to the main out. An embodiment is shown in Figure 

30 

Referring~now to Figure 13, an SLM 141, used in the 

context of the multi-wavelength architecture shown in Figure 

12, has a pixel block 140 and/or tip-tilt device upon which a 

main input beam 130 is incident, at an angle ml to the norm~l 

142. Holograms are provided to cause deflections selected 

from +@z and -82. The main beam has a zero order or specular 

reflection 130a..Due to the display of a first hologram on 

the block 140, the main output is deflected by +81 from the 

specular direction to a main output beam 132. An add input 

131 is incident at an angle al on the block 140, and produces 

a zero order reflectio~ 131a. The device also has a drop 

output beam direction 133. 
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When the hologram applying the deflection of +@x is 

displayed, light at the relevant wavelength entering in the 

add direction 131 is not steered into either of the main 

output beam direction 132 or the drop output beam direction 

133. Effectively it is ’grounded’. This feature may be used 

to help to stop crosstalk passing between and around rings. 

10 

When the hologram applying the alternative deflection of 

-82 is applied, the add input is routed to the main output 

beam direction 132 while the main input is routed to the drop 

output beam direction 133. 

2O 

Another configuration of the multi-wavelength 

architec£ure is to have a single input port and a separate 

output port for evez-y wavelength channel and SLM devices for 

each channel capable of providing a Set of many deflections. 

Whenconfigured so.that a single channel leaves on each 

output port, the device acts as a reconfigurable 

demultiplexer. 

25 

30 

A system with a slngle input port and many output poxhs 

can act as a module to form part of a modular routing node. 

With M output ports then each routing device should produce M 

different deflections, with small adjustments to compensate 

for wavelength differences and alignment tolerances. All 

devices producing the same eventual deflection will cause the 

associated wavelength cha~nel to be routed out of the same 

output port. Hence such a system can send none, one or many 

(up to the number of channels entering the input port) 

channels out from the same output port. 

This type of connectivity would be useful in mesh 

networks where each node is connected by a multi-fibre link 
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to, typically, between 2 and 5 nearest neighbour nodes. Each 

link carries traffic to and from t~e nearest neighbour nodes. 

Usually individual fibres in the link carry traffic in just 

one direction but some are bi-directional. For an example 

where a link has an average of 6 pairs of external fibres and 

a node has 5 links, then there would be 30 external incoming 

fibres in and 30 external outgoing fibre~ out. The function 

of the node is to route any wavelength channe! from any 

incoming fibre to any outgoing fibre. Each fibre may carry 

many wavelength channels. Currently up to 160 channel systems 

are being installed although 40 or 80 channel systems are 

more usual. 

An ideal node architecture allows the network operator 

15 to start with one or more add-drop nodes connected to one or 

more ringsand then allow the individual add-drop nodes to be 

connected so that the network topology can evolve towards a 

mesh. The node architecture should also allow extra fibres to 

be added to each link as required to meet the demand, with 

20 the extra parts or modules of the node being installed as and 

.when required. Fibre management and installation between sub- 

components inside the routing node is also expensive. 

25 

30 

A known architecture for such a routing node uses a 

separate wavelength demultiplexer for every input fibre. The 

separated wavelength channels are then carried over optical 

fibres to NxN optical switches. To avoid internal wavelength 

blocking then all channels at a particular wavelength must be 

connected to the s~me NxN switch. Hence the switch will 

receive channels at the same wavelength from every single 

input fibre. The channels leaving the switch are carried over 

optical fibres to a separate wavelength multiplexer for every 

output fibre. Hence the switch will route channels at the 

same wavelength towards every single output fibre. 
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These switches have a sufficient number of ports for 

added and dropped channels, and channels passing to and from 

wav~length conversion and optical regeneration. This 

sufficient number is estimated based on traffic analysis as 

it depends on the :instantaneous mapping of channels between 

nodes and the wavelength and fibre allocation. Each switch 

may service one or more wavelength channels. In one device, 

the number of fibres is around 3000 resulting in significant 

fibre management and installation costs. Even grouping 

together different fibres to or from the same link and 

g£ouping together the add fibres and regenerator fibres only 

reduces the number of separate entities to be managed to 560. 

With such a large number of fibres it is not economic to 

provide optical amplifiers inside the routing node to 

compensate for insertion losses. Another problem with this 

architecture is how to add in extra external fibres once the 

switch capacity has been exhausted with the current number of 

20 external fibres. This cannot be done without replacing every 

single switch. In ~dvance it is difficult to know how large 
~A ~ delay this problem 

An alternative node architecture uses the multi- 

25 wavelength architecture described earlier to provide a 

separate module for every input fibre and a separate module 

for every output fibre. Consider first an input module. This 

should be designed so that none, one, many or all of the 

input channels may leave any of the output ports. These 

30 output ports are used to carry channels towards output 

modules and towards other parts of the node providing 

wavelength conversion, regeneration and ports to electronic 

switches, for example. A connection between an input module 

and an output module carries every wavelength channel mapped 
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between the corresponding input and output fibre. A 

particular input module does ~ot have connections to every 

output module. It does have connections to output modules 

going b~ck to the same neighbouring node from which the input 

channels have travelled, except perhaps for network 

monitoring and management functions. It might not need to 

have separate connections to every output module for the 

output fibres to the other neighbouring nodes. It is however 

provided with sufficient connectivity to the output channels 

on every output link to avoid unacceptable levels of 

wavelength blocking. For example each input module could be 

connected to a subset of the output modules, with an overflow 

system used to provide a connection to the other output 

modules, when required. An output module is designed like an 

input module but works in the opposite direction. 

In this architecture, the dropped channels and channels 

needing wavelength.conversion exit from a common porE or a 

pair of ports. As a result it can be shown that satisfactory 

performance is achieved using fewer than i000 fibres and 

fewer than 50 fibre groups. 

Hence the total number of fibres inside the node is 

reduced by a factor of over. 3 while the total number of fibre 

entities to be installed and managed is reduced by a factor 

of I0 or more. This represents a significant reduction in 

cost and complexity. 

3O 

The node architecture just described is modular in that 

it can be used to build a range of nodes of different 

connectivity and dimension. The modules can be used to 

assemble a node like that described above, starting with only 

1 or 2 fibre pairs per linkand adding in extra modules to 
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allow more fibres per link. Extra modules can be added in and 

connected up as and when required, allowing the network 

operator to delay investment in infrast1~cture for as long as 

possible. When the node has reached, for example, 6 fibre 

pairs per link and the capacity begins to be exhausted there 

are two ways to upgrade the node. The first way is to upgrade 

the numbers of wavelength channels on particular fibres in 

each link. This requires replacing the associated modules 

with modules processing more channels. However the other 

modules (and the fibre interconnections) can remain in 

service. In contrast for the conventional architecture as 

well as upgrading the demultiplexers and multiplexers 

associated with the particular fibres to be upgraded, a whole 

set of NxN switches must be installed, one for every new 

system wavelength. These ~witches will remain under-utilised 

until all the fibre systems have been upgraded. 

2O 

The second way to upgrade the node is to replace 

selected modules with models providing an increased number of 

fibre choices per output link allowing more fibres per link. 

This requires the installation of more fibre groups inside 

the ~d~. ~ .... t~t                      ~- ~.._ conventiona! 

NxN switch must be replaced meaning the associated system 

wavelengths would be out of service on every fibre entering 

or leaving the node. 

3O 

The smallest node can have as few as two modules, which 

would act as an add-drop node. Several pairs of such modules 

can service a stacked set of rings, allowing interconnection 

between different rings. Adjacent rings can also be 

interconnected. A hybrid ring/mesh network can be created. 

Hence the same modular system can be used for ring networks, 

mesh networks and mixes of the two. It can also allow re-use 
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of existing plant and allow an add-drop node to grow and 

evolve into a wavelength-routing cross-connect. 

I0 

It will be clear to those skilled in the art that the 

use of reflective SLMs may allow optica! folding to be 

accomplished and provide a compact system. Thus folding 

mirrors which may be found in some systems are replaced by 

SLMs that serve the dual function of folding and correction 

for system. As an example, th~s application of SLMs would be 

attractive in the context of free-space wavelength 

demultiplexers as it would help to suppress the problems 

associated with long path lengths. 

It will also be clear to those skilled in the art that 

although the described embodiments refer to routing in the. 

context of one-to-one, it would also be possible to devise 

holograms for multicast and broadcast, i.e. one-to-many and 

one-to-all, if desired. 

2O 

25 

Although the invention has been described with reference 

to a number of embodiments, it will be’understood that the 

invention is not limited to the described details. The 

skilled artisan will be aware that many alternatives may be 

employed within the general concepts of the invention as 

defined in the appended claims. 
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Claims 

tO 

20 

25 

I.    A method of controlling a light beam using a 

spatial light modulator (SLM) having a plurality of pixels, 

the method comprising: 

determining a desired phase modulation characteristic 

across an array of said pixels for achieving the desired 

control of said beam; 

controlling said pixels to provide a phase modulation 

derived from the desired phase modulation, wherein the 

controlling step comprises 

providing a population of available phase modulation 

levels for each pixel, said population comprising a discrete 

number of said phase modulation levels; 

on the basis of the desired phase modulation, a leve! 

selecting step of selecting for each pixel a respective one 

of said phase modulation levels; and 

causing each said pixe! to provide the respective one of 

said phase modulation levels. 

2.    The method of Claim I, wherein in each pixel of the 

is subject to a respective substantially similar electrically 

set phase change, whereby the SLM is substantially 

polarisation independent. 

30 

3.    A method of routing a light beam comprising the 

method of Claim i or Claim 2, wherein the desired phase 

modulation at least includes a linear component. 

4.    The method of any preceding claim comprising 

resolving the desired modulation modulo 2pi. 

6O 
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5.    The method of any preceding claim wherein the 

desired phase modulation at least includes a non-linear 

component. 

6.    The method of any preceding claim wherein the 

method further comprises selecting a said array of pixels 

from said piurality for incidence by said light beam. 

I0 

7.    The method of any preceding claim wherein the level 

selecting ~tep comprises determining the desired level of 

phase modulation at a predetermined point o~ each p±xel and 

choosing for each pixel the available level which corresponds 

most closely to the desired level. 

8.    The method of any of Claims 1-6, wherein the level 

selecting step comprises determining a subset of the possible 

levels for each pixel which p~ovides the best fit to the 

desired characteristic.                                                     ~’ 

2O 

3O 

9.    The method of any of Claims 1-6, wherein the level 

.selecting step comprises determining a subset of the possible 

levels, which provides the best fit to the desired 

characteristic, wherein the subset comprises a set of level 

distributions, each having a particular level for each pixel. 

I0. The method of any preceding claim wherein the 

causing step includes providing a respective voltage to an 

electrode of each pixel, wherein said electrode extends 

across substantially the whole of the pixel. 

Ii. The method of any preceding claim wherein the step 

of determining the desired phase modulation comprises 

calculating a desired direction change of a beam of light. 

6! 
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12. The method of Claim Ii wherein, after the step of 

calculating a direction change, the step of controlling the 

pixels comprises iteratively correcting the levels applied to 

obtain an improved result. 

13. The method of any preceding claim wherein the step 

of determining the desired phase modulation is retroactive, 

whereby parameters of the phase modulation are varied in 

response to a sensed error to reduce the error. 

14. A method for controlling the focus of a beam of 

light comprising the method of any preceding claim. 

15. The method of any preceding claim wherein the array 

selecting step selects the array of pixels in dependence on 

the predicted path of a beam. 

2O 

16. The method of Claim 15, comprising, after the array 

is selected using the predicted path, adaptively determining 

whether the predicted path is correct, and if not selecting a 

different pixel array. 

3O 

17. The method of any of Claims Ii-16, wherein the 

method includes both causing the SLM to route a beam and 

causing the SLM to emulate a corrective element to correct 

for errors, whereby the SLM receives both a discrete 

approximation of a linear phase modulation applied to it to 

route the beam and a discrete approximation of a non-linear 

phase modulation for said correction. 

18. The method of any preceding claim, further 

comprising the step of providing sensors for detecting 

temperature change, and processing circuitry responsive to 

the outputs of those sensors, and the step of modifying the 
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phase modulation levels applied to the pixels to reduce the 

effect of temperature change. 

10 

19. The method of any preceding, claim, further 

comprising the step of providing sensorsdisposed to detect 

misalignment and focus errors, the step of measuring the 

power coupled into the sensors and the step of modifying the 

phase modulation levels applied to the pixels to reduce the 

measured power to thereby reduce the errors. 

20. The method of any preceding claim comprising 

changing non-linear modulation values in response to changes 

in the path taken through the system at a timescale 

equivalent to that required to change linear modulation 

values. 

20 

21. The method of any preceding claim, c~mprising 

modifying the phase modulation levels applied to the pixels 

whereby the attenuation of an optical channel passing 

subjected to the SLM is controlled. 

22. The method of Claim 21, comprising calculating the 

desired phase’modulation value.for every pixel, and then 

multiplying the desired values by a coefficient having a 

value selected according to the desired attenuation between 0 

and i, and comparing the resultant to the closest available 

phase level to provide the phase modulation level applied to 

the pixel. 

30 23. The method of. Claim 21, further comprising 

selecting by a discrete approximation to alinear phase 

modulation, a routing hologram for display by the SLM whereby 

the beams may be correctly routed; selecting by a discrete 

approximation to a non-linear phase modulation, a further 
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hologram for separating each beam into main and subsidiary 

beams, wherein the main beam is routed through the system and 

the or each subsidiary beam is diffracted out of the system; 

forming from the routing and further holograms a resultant 

hologram; and causing the SLM to display the resultant 

hologram. 

I0 

2O 

25 

24. The method of Claim 21, further comprising 

selecting by a discrete approximation to a linear phase 

modulation, a routing hologram for display by the SLM whereby 

the beams may be correctly routed; selecting by a discrete 

approximation to a non-linear phase modulation, a further 

hologram for separating each beam into main and subsidiary 

beams, wherein the main beam is routed through the system and 

at least one subsidiary beam is incident on an output at an 

angle such that its contribution is insignificant; forming 

from the routing and further holograms a resultant hologram; 

and 

causing the SLM to display the resultant hologram. 

25. A method of reducing the effects of width clipping 

of a ~ ~ ........ ~ .... ~r~ ~ ~hape ~ th~ light 

beam using the .method of any preceding claim in which the 

desired phase modulation is selected to include a non-linear 

phase modulation profile. 

3O 

26. The method of any preceding claim comprising 

selecting a non-linear modulation profile to provide 

wavelength dependent effects, and applying said profile to 

the SLM. 

27. The method of any preceding claim wherein said 

light beam is at a telecommunication wavelength. 
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OPTICAL PROCESSING 

A pixel array on a pixel!ated multiple phase liquid 

crystal over silicon spatial light modulator is 

5 controlled to provide an approximation to a desired phase 

profile by selecting from a di~cr@%e population of phase 

levels. The SLM may be polarisati0n independent. 

By selection of a linear phase profile a beam of 

incident light is deflected in a selected direction. A 

i0 non-linear profile may also or alternatively be used. 

Such a non-linear profile may-attenuate a beam, Ghange 

the focus of the beam, sample the beam and/or correct for 

misalignments, aberrations and tolerances in an optioal 

system. 

15 Add-drop devices are described, as is a system for 

spatially separating a beam into different frequency 

components for application to.different arrays of. such an 

SLM. 
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None of the figures. 

Form PCT/ISA/210 (first sheet) (July 1998) 

TS0000902 



Box III 

¯ INTERNATIONAL SEARCH REPORT 

TEXT OF THE ABSTRACT (Continuation of item 5 of the first sheet) 

I 
International application No, 

PCT/GB 021 04-011 

To operate an optical device comprising an SLM (20~21) with a two-dimensional 
array of controllable phase-modulating elements, groups of individual 
phase-modulating elements (13,14) are delineated, and control data selected 
from.a store (124) for each delineated group of phase-modulating el~nents. 
The selected control data are used to generate (122) holograms at each group 
and one or both of the delineation of the groups and the selection of 
control data is/are varied. In this way upon illumination of the groups 
by ~ight beams (1,2), light bea~ns emergent from the groups a.re controll~ble 
independently of each other, wherein seid control includes control of direction 
(e.g. a routing device), control of power, focussing, aberration compensation, 
sampli-ng, beam shaping ~nd wavelength filtering (e.g. a wavelength add drop 
multiplexer.) 
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"E* earlier document but published on or after the international 
fling date 

"L" document which may throw doubts on priority claim(s) or 
which is cited to establish the publication daterof another 
citation or other special mason (as specified) 

"O" document refening to an oral disclosure, use, exhibition or 
other means 

"P" document published prior to the international filing date but 
later than the pdodty date claimed 

invention 
document of pa~cular relevance; the claimed invention 
cannot ba considered novel or cannot be considered to 
involve an inventive step when the document is taken alone 

document o1 pa~cular relevance; the claimed invention 
cannot be considered to involve an inventive step when the 
document is combined with one or more other such docu- 
monte, such combination being obvious to a person skilled 
in the art. 

document member of the same patent family 

Date of mailing of the inteniational search report 
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Authorized officer ¯ 
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Date of the actual completion of the international search 
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International Application No 
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Category ° Citation of document, with indicaiJon,whare appropriate, of the relevant passages Relevant to claim No. 

X US 5 539 543 A (LIU HUA-KUANG ET AL) 
23 July 1996 (1996-87-23) 
column 5, line 25-57 

MEARS R JET AL: "TELECOMMUNICATIONS 
APPLICATIONS OF FERROELECTRIC 
LIQUID-CRYSTAL SMART PIXELS" 
IEEE JOURNALOF SELECTED TOPICS IN QUANTUM 
ELECTRONICS, IEEE SERVICE CENTER, US, 
vol. 2, nO. 1, April 1996 (1996-84), pages 

35-46, XP882155684 
ISSN: 1877-268X 

WO 82 181451 A (HONEYWELL INT INC) 
19 December 2882 (2882-12-19) 
fi gure 5 

MEARS R J ET AL: "WDM CHANNEL MANAGEMENT 
USING PROGRAMMABLE HOLOGRAPHIC ELEMENTS" 
IEE COLL0QUIUM ON MULTIWAVELENGTH OPTICAL 
NETWORKS: DEVICES, SYSTEMS AND NETWORK 
IMPLEMENTATIONS, IEE, LONDON, GB, 
18 June 1998 (1998=86-18), pages 

11-1-11-6, XP888783511 
¯ page 1!-5; figure 7 

US 5 187 359 A (OHUCHIDA SHIGERU) 
2¯1 April 1992 (1992-84-21) 
figures 1,3¯ 

PAN CiLLING ET AL: "Tunable semiconductor 
laser with liquid crystal pixel mirror in 
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19 August 1999 (1999-88-19), pages 
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¯ ISSN: 8813-5194 
figure 1 
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OPTICAL PROCESSING 

Field of the invention 

The present invention relates to an optical device and 

to a method of controlling an optical device. 

I0 

15 

More particularly but not exclusively the invention 

relates to the general field of controlling one or more 

light beams by the use of electronically controlled 

devices. The field of application is mainly envisaged as 

being to fields in which reconfiguration between inputs and 

outputs is likely, and stability of performance is a 

significant requirement. 

Background of the invention 

2O 

It has previously been proposed to use so-called 

spatial light modulators to control .the routing of light 

beams within an optical system, for instance from selected 

ones of a number of input optical fibres to selected ones 

of output fibres. 

25 

30 

Optical systems are subject to performance impairments 

resulting from aberrations, phase distortions and component 

misalignment. An example is a multiway fibre connector, 

which-although conceptually simple can often be a critical 

source of system failure or insertion loss due to the very 

tight alignment tolerances for optical fibres, especially 

for single-mode optical fibres. Every time a fibre 

connector is connected, it may provide a different 

alignment error. Another example is an optical switch in 
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which aberrations, phase distortions and component 

misalignments result in poor optical coupling efficiency 

into the intended output optical fibres. This in turn may 

lead to high insertion loss. The aberrated propagating 

waves may diffract into intensity fluctuations creating 

significant unwanted coupling of light into other output 

optical fibres, leading to levels of crosstalk that impede 

operation. In some cases, particularly where long path 

lengths are involved, the component misalignment may occur 

due to ageing or temperature effects. 

15 

Some prior systems seek to meet such problems by use 

of expensive components. For example in a communications 

context, known free-space wavelength multiplexers and 

demultiplexers use expensive thermally stable opto- 

mechanics to cope with the problems associated with long 

path lengths. 

2O 

25 

30 

Certain optical systems have a requirement for 

reconfigurability. Such reconfigurable systems include 

optical switches, add/drop multiplexers and other optical 

routing systems where the mapping of signals from input 

ports to output ports is dynamic. In such systems the 

path-dependent losses, a~errations and phase distortions 

encountered by optical beams may vary from beam to beam 

according to the route taken by the beam through the 

system. Therefore the path-dependent loss, aberrations and 

phase distortions may vary for each input beam or as a 

function of the required output port. 

The prior art does not adequately address this 

situation. 
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Other optical systems are static in terms of 

input/output configuration. In such systems, effects such 

as assembly errors, manufacturing tolerances in the optics 

and also changes in the system behaviour due to temperature 

and a~eing, create the desirability for dynamic direction 

control, aberration correction, phase distortion 

compensation or misalignment compensation. 

I0 

15 

It should be noted that the features of dynamic 

direction control, phase distortion compensation and 

misalignment control are not restricted to systems using 

input beams coming from optical fibres. Such features may 

also be advantageous in a reconfigurable optical system. 

Another static system in which dynamic control of phase 

distortion, direction and (relative) misalignment would be 

advantageous is one in which the quality and/or position of 

the input beams is time-varying. 

2O 

25 

3O 

Often the input and output beams for optical systems 

contain a multiplex of many optical signals at different 

wavelengths, and these signals may need to be separated and 

adaptively and individually processed inside the system. 

Sometimes, although the net aim of a system is not to 

separate optical signals according to their wavelength and 

then treat them separately, to do so increases the 

wavelength range of the system as a whole. Where this 

separation is effected, it is often advantageous for the 

device used to route each channel to have a low insertion 

loss and to operate quickly. 
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It is an aim of some aspects of the present invention 

at least partly to mitigate difficulties of the prior art. 

5 

It is desirable for certain applications that a method 

or device for addressing these issues should be 

polarisation-independent, or have low polarisation- 

dependence. 

I0 

15 

2O 

SLMs have been proposed for use as adaptive optical 

components in the field of astronomical devices, for 

example as wavefront correctors. In this field of 

activity, the constraints are different to the present 

field - for example in communication and like devices, the 

need for consistent performance is paramount if data is to 

be passed without errors. Communication and like devices 

are desirably inexpensive, and desirably inhabit and 

successfully operate in environments that are not closely 

controlled. By contrast, astronomical devices may be used 

in conditions more akin to laboratory conditions, and cost 

constraints are less pressing. Astronomical devices are 

unlikely to need to select successive routings of light 

within a system, and variations in performance may be 

acceptable. 

25 Summary of the "invention 

3O 

According to a first aspect of the invention, there is 

provided a method of operating an optical device comprising 

an SLM having a two-dimensional array of controllable 

phase-modulating elements, the method comprising 

delineating groups of individual phase-modulating 

elements; 
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selecting, from stored control data, control data for 

each group of phase-modulating elements; 

generating from the respective selected control data a 

respective hologram at each group of phase-modulating 

elements; and 

varying the delineation of the groups and /or the 

selection of control data whereby upon illumination of said 

groups by respective light beams, respective emergent light 

beams from the groups are controllable independently of 

each other. 

15 

2O 

In some embodiments, the variation of the delineation 

and /or control data selection is in response to a signal 

or signals indicating a non-optimal performance of the 

device. In other embodiments, the variation is performed 

during a set up or training phase of the device. In yet 

other embodiments~ the variation is in response to an 

operating signal, for example a signal giving the result of 

sensing non-performance system parameters such as 

temperature. 

25 

An advantage of the method of this aspect of the 

invention is that stable operation can be achieved in the 

presence of effects such as ageing, temperature, component, 

change of path through the system and assembly tolerances. 

3O 

Preferably, control of said light beams is selected 

from the group comprising: control of direction, control of 

power, focussing, aberration compensation, sampling and 

beam shaping. 
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Clearly in most situations more than one of these 

control types will be needed - for example in a routing 

device (such as a switch, filter or add/drop multiplexer) 

primary changes of direction are likely to be needed to 

cope with changes of routing as part of the main system but 

secondary correction will be needed to cope with effects 

such as temperature and ageing. Additionally such systems 

may also need to control power, and to allow sampling (both 

of which may in some cases be achieved by direction 

changes). 

15 

20 

Advantageously, each phase modulating element is 

responsive to a respective applied voltage to provide a 

corresponding phase shift to emergent light, and the method 

further comprises; 

controlling said phase-modulating elements of the 

spatial light modulator to provide respective actual 

holograms derived from the respective generated holograms, 

wherein the controlling step comprises; 

resolving the respective generated holograms modulo 

2pi. 

25 

3O 

The preferred SLM uses a liquid crystal material to 

provide phase shift and the liquid crystal material is not 

capable of large phase shifts beyond plus or minus 2 pi. 

Some liquid crystal materials can only provide a smaller 

range of phase shifts, and if such materials are used, the 

resolution of the generated hologram is correspondingly 

smaller. 

Preferably the method comprises: 
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providing a discrete number of voltages available for 

application to each phase modulating element; 

on the basis of the respective generated holograms, 

determining the desired level of phase modulation at a 

predetermined point on each phase modulating element and 

choosing for each phase modulating element the available 

voltage which corresponds most closely to the desired 

level. 

Where a digital control device is used, the resolution 

of the digital signal does not provide a continuous 

spectrum of available voltages. One way of coping with 

this is to determine the desired modulation for each pixel 

and to choose the individual voltage which will provide the 

closest modulation to the desired level. 

2O 

In another embodiment, the method comprises: 

providing a discrete number of voltages available for 

application to each phase modulating element; 

determining a subset of the available voltages which 

provides the best fit to the generated hologram. 

25 

Another technique is to look at the pixels of the 

group as a whole and to select from the available voltages 

those that give rise to the nearest phase modulation across 

the whole group. 

3O 

Advantageously, the method further comprises the step 

of storing said control data wherein the step of storing 

said control data comprises calculating an initial hologram 

using a desired direction change of a beam of light, 

applying said initial hologram to a group of phase 

TS0000917 



modulating elements, and correcting the initial hologram to 

obtain an improved result. 

The method may further comprise the step of providing 

sensors for detecting temperature change, and performing 

said varying step in response to the outputs of those 

sensors. 

tO 

The SLM may be integrated on a substrate and have an 

integral quarter-wave plate whereby it is substantially 

polarisation insensitive. 

Preferably the phase-modulating elements are 

substantially reflective, whereby emergent beams are 

deflected from the specular reflection direction. 

2O 

In some aspects, for at least one said group of 

pixels, the method comprises providing control data 

indicative of two holograms to be displayed by said group 

and generating a combined hologram before said resolving 

step. 

According to a second aspect of the invention there is 

provided an optical device comprising an SLM and a control 

25 circuit, the SLM having a two-dimensional array of 

controllable phase-modulating elements and the control 

circuit having a store constructed and arranged to hold 

plural items of control data, the control circuit being 

constructed and arranged to delineate groups of individual 

30 phase-modulating elements, to select, from stored control 

data, control data for each group of phase-modulating 

elements, and to generate from the respective selected 
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control data a respective hologram at each group of phase- 

modulating elements, 

wherein the control circuit is further constructed and 

arranged, to vary the delineation of the groups and/or the 

selection of control data 

whereby upon illumination of said groups by respective 

light beams, respective emergent light beams from the 

groups are controllable independently of each other. 

I0 

15 

An advantage of the device of this aspect of the 

invention is that stable operation can be achieved in the 

presence of effects such as ageing, temperature, component 

and assembly tolerances. Embodiments of the device can 

handle many light beams simultaneously. Embodiments can be 

wholly reconfigurable, for example compensating differently 

for a number of routing configurations. 

20 

Preferably, the optical device has sensor devices 

arranged to detect light emergent from the SLM, the control 

circuit being responsive to signals from the sensors to 

vary said delineation and/or said selection. 

25 

In some embodiments, the optical device has 

temperature responsive devices constructed and arranged to 

feed signals indicative of device temperature to said 

control circuit, whereby said delineation and/or selection 

is varied. 

3O 

In another aspect, the invention provides an optical 

routing device having at least first and second SLMs and a 

control circuit, the first SLM being disposed to receive 

respective light beams from an input fibre array, and the 
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second SLM being disposed to receive emergent light from 

the first SLM and to provide light to an output fibre 

array, the first and second SLMs each having a respective 

two-dimensional array of controllable phase-modulating 

elements and the control circuit having a store constructed 

and arranged to hold plural items of control data, the 

control circuit being constructed and arranged to delineate 

groups of individual phase-modulating elements, to select, 

from stored control data, control data for each group of 

phase-modulating elements, and to generate from the 

respective selected control data a respective hologram at 

each group of phase-modulating elements, 

wherein the control circuit is further constructed and 

arranged, to vary the delineation of the groups and /or the 

selection of control data 

whereby upon illumination of said groups by respective 

light beams, respective emergentlight beams from the 

groups are controllable independentlyof each other. 

20 

25 

In a further aspect, the invention provides a device 

for shaping one or more light beams in which the or each 

light beam is incident upon a respective group of pixels of 

a two-dimensional SLM, and the pixels of the or each 

respective group are controlled so that the corresponding 

beams emerging from the SLM are shaped as required. 

30 

According to a further aspect of the invention there 

is provided an optical device comprising one or more 

optical inputs at respective locations, a diffraction 

grating constructed and arranged to receive light from the 

or each optical input, a focussing device and a continuous 

array of phase modulating elements, the diffraction grating 
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and the array of phase modulating elements being disposed 

in the focal plane of the focussing device whereby 

diverging light from a single point on the diffraction 

grating passes via the focussing device to form beams at 

the array of phase modulating elements, the device further 

~omprising one or more optical output at respective 

locations spatially separate from the or each optical 

input, whereby the diffraction grating is constructed and 

arranged to output light to the or each optical output. 

This device allows multiwavelength input light to be 

distributed in wavelength terms across different groups of 

phase-modulating elements. This allows different 

processing effects to be applied to any desired part or 

parts of the spectrum. 

According to a still further aspect of the i~vention 

there is provided a method of filtering light comprising 

applying a beam of said light to a diffraction grating 

whereby emerging light from the grating is angularly 

dispersed by waveiength, forming respective beams from said 

emerging light by passing the emerging light to a focussing 

device having the grating at its focal plane, passing the 

respective beams to an SLM at the focal plane of the 

focussing device, the SLM having a two-dimensional array of 

controllable phase-modulating elements, selectively 

reflecting light from different locations of said SLM and 

passing said reflected light to said focussing element and 

then to said grating. 
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Preferably the method comprises delineating groups of 

individual phase-modulating elements to receive beams of 

light of differing wavelength; 

selecting, from stored control data, control data for 

each group of phase-modulating elements; 

generating from the respective selected control data a 

respective hologram at each group of phase-modulating 

elements; and 

varying the delineation of the groups and /or the 

selection of control data. 

15 

2O 

According to a still further aspect of the invention 

there is provided an optical add/drop multiplexer having a 

reflective SLM having a two-dimensional array of 

controllable phase-modulating elements, a diffraction 

device and a focussing device wherein light beams from a 

common point on the diffraction device are mutually 

parallel when incident upon the SLM, and wherein the SLM 

displays respective holograms at locations of incidence of 

light to provide emergent beams whose direction deviates 

from the direction of specular reflection. 

25 

30 

In a yet further aspect, the invention provides a test 

or monitoring device comprising an SLM having a two- 

dimensional array of pixels, and operable to cause incident 

light to emerge in a direction deviating from the specular 

direction, the device having light sensors at predetermined 

locations arranged to provide signals indicative of said 

emerging light. 
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The test or monitoring device may further comprise 

further sensors arranged to provide signals indicative of 

light emerging in the specular directions. 

I0 

Yet a further aspect of the invention relates to a 

power control device for one or morebeams of lights in 

which the said beams are incident on respective groups of 

pixels of a two-dimensional SLM, and holograms are applied 

to the respective group so that the emergent beams have 

power reduced by comparison to the respective incident 

beams. 

2O 

25 

3O 

The invention further relates to an optical routing 

module having at least one input and at least two outputs 

and operable to select between the outputs, the module 

comprising a two dimensional SLM having an array of pixels, 

with circuitry constructed and arranged to display 

holograms on the pixels to route beams of different 

frequency to respective outputs. 

According to a later aspect of the invention there is 

provided an optoelectronic device comprising an integrated 

multiple phase spatial light modulator (SLM) having a 

plurality of pixels, wherein each pixel can phase modulate 

light by a phase shift having an upper and a lower limit, 

and wherein each pixel has an input and is responsive to a 

value at said input to provide a phase modulation 

determined by said value, and a controller for the SLM, 

wherein the controller has a control input receiving data 

indicative of a desired phase modulation characteristic 

across an array of said pixels for achieving a desired 

control of light incident on said array, the controller has 
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outputs to each pixel, each output being capable of 

assuming only a discrete number of possible values, and the 

controller comprises a process6r constructed and arranged 

to derive, from said desired phase modulation 

characteristic, a non-monotonic phase modulation not 

extending outside said upper and lower limits, and a switch 

constructed and arranged to select between the possible 

values to provide a respective one value at each output 

whereby the SLMprovides said non-monotonic phase 

modulation. 

15 

2O 

Some or all of the circuitry may be on-chip leading to 

built-in intelligence. This leads to more compact and 

ultimately low-cost devices. In some embodiments, some or 

all on-chip circuitry may operate in parallel for each 

pixel which may provide huge time advantages; in any event 

the avoidance of the need to ~ransfer data off chip and 

thereafter to read in to a computer allows configuration 

and reconfiguration to be faster. 

According to another aspect of the invention there is 

provided a method of controlling a light beam using a 

spatial light modulator (SLM) having an array of pixels, 

the method comprising: 

25 determining a desired phase modulation characteristic 

across a sub-array of said pixels for achieving the desired 

control of said beam; 
controlling said pixels to provide a phase modulation 

derived from the desired phase modulation, wherein the 

30 controlling step comprises 
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providing a population of available phase modulation 

levels for each pixel, said population comprising a 

discrete number of said phase modulation levels; 

on the basis of the desired phase modulation, a level 

selecting step of selecting for each pixel a respective one 

of said phase modulation levels; and 

causing each said pixel to provide the respective one 

of said phase modulation levels. 

I0 

( 
15 

The SLM may be a multiple phase liquid crystal over 

silicon spatial light modulator having plural pixels, of a 

type having an integrated wave plate and a reflective 

element, such that successive passes of a beam through the 

liquid crystal subject each orthogonally polarised 

component to a substantially similar electrically-set phase 

change. 

2O 

If a non-integrated wave plate is used instead, a beam 

after reflection and passage through the external wave 

plate will not pass through the same zone of the SLM, 

unless it is following the input path, in which case the 

zero order component of said beam will re-enter the input 

fibre. 

25 The use of the wave plate and the successive pass 

architecture allows the SLM to be substantially 

polarisation independent. 

3O 

In one embodiment the desired phase modulation at 

least includes a linear component. 
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Linear phase modulation, or an approximation to linear 

phase modulation may be used to route a beam of light, i.e. 

to select a new direction of propagation for the beam. In 

many routing applications, two SLMs are used in series, and 

the displayed information on the one has the inverse effect 

to the information-displayed on the other. Since the 

information represents phase change data, it may be 

regarded as a hologram. Hence an output SLM may display a 

hologram that is the inverse of that displayed on the input 

SLM. Routing may also be ~one-to-many" (i.e. multicasting) 

or ~one-to-all" (i.e. broadcasting) rather than the more 

usual one-to-one in many routing devices. This may be 

achieved by correct selection of the relevant holograms. 

15 Preferably the linear modulation is resolved modulo 

2pi to provide a periodic ramp. 

2O 

In another embodiment the desired phase modulation 

includes a non-linear component. 

Preferably the method further comprises selecting, 

from said array of pixels, a sub-array of pixels for 

incidence by said light beam. 

25 

30 

The size of a selected sub-array may vary from switch 

to switch according to the physical size of the switch and 

of the pixels. However, a t~ical routing device may have 

pixel arrays of between I00 x I00 and 200 x 200, and other 

devices such as add/drop multiplexers may have arrays of 

between I0 x I0 and 50 x 50. Square arrays are not 

essential. 
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In one embodiment the level-selecting step comprises 

determining the desired level of phase modulation at a 

predetermined point on each pixel and choosing for each 

pixel, the available level which corresponds most closely 

to the desired level. 

I0 

In another embodiment, the level-selecting step 

comprises determining a subset of the available levels, 

which provides the best fit to the desired characteristic. 

The subset may comprise a subset of possible levels 

for each pixel. 

15 

Alternatively the subset may comprise a set of level 

distributions, each having a particular level for each 

pixel. 

20 

In one embodiment, the causing step includes providing 

a respective voltage to an electrode of each pixel, wherein 

said electrode extends across substantially the whole of 

the pixel. 

25 

Preferably again the level selecting step comprises 

selecting the level by a modulo 2pi comparison with the 

desired phase modulation. The actual phase excursion may 

be from A to A+2pi where A is an arbitrary angle. 

3O 

Preferably the step of determining the desired phase 

modulation comprises calculating a direction change of a 

beam of light. 
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Conveniently, after the step of calculating a 

direction change, the step of determining the desired phase. 

modulation further comprises correcting the phase 

modulation obtained from the calculating step to obtain an 

improved result. 

Advantageously, the correction step is retroactive. 

I0 

In another embodiment the step of determining the 

desired phase modulation is retroactive, whereby parameters 

of the phase modulation are varied in response to a sensed 

error to reduce the error. 

20 

25 

A first class of embodiments relates to the 

simulation/synthesis of generally corrective elements. 

some members of the first class, the method of the 

invention is performed to provide a device, referred to 

hereinafter as an accommodation element for altering the 

focus of the light beam. 

An example of an accommodation element is a lens. An 

accommodation element may also be an anti-astigmatic 

device, for instance comprising the superposition of two 

cylindrical lenses at arbitrary orientations. 

In other members of the first class, the method of the 

invention is performed to provide an aberration correction 

device for correcting greater than quadratic aberrations. 

3O The sub-array selecting step may assign a sub-array of 

pixels to a beam based on the predicted path of the beam as 

it approaches the SLM just prior to incidence. 
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Advantageously, after the sub-array is assigned using 

the predicted path, it is determined whether the assignment 

is correct, and if not a different sub-array is assigned. 

10 

15 

The assignment may~need to be varied in the event of 

temperature, ageing or other physical changes. The sub- 

array selection is limited in resolution only by the pixel 

size. By contrast other array devices such as MEMS have 

fixed physical edges to their beam steering elements. 

An element of this type may be used in a routing 

device to compensate for aberrations, phase distortions and 

component misalignment in the system. By providing sensing 

devices a controller may be used to retroactively control 

the element and the element may maintain an optimum 

performance of the system. 

2O 

25 

3O 

In one embodiment of this first class, the method 

includes both causing the SLM to route a beam and causing 

the SLM to emulate a corrective element to correct for 

errors, whereby the SLM receives a discrete approximation 

of the combination of both a linear phase modulation 

applied to it to route the beam and a non-linear phase 

modulation for said corrections. 

Synthesising a lens using an SLM can be used to change 

the position of the beam focused spot and therefore correct 

for a position error or manufacturing tolerance in one or 

more other lenses or reflective (as opposed to 

transmissive) optical elements such as a curved mirror. 
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The method of the invention may be used to correct for 

aberrations such as field curvature in which the output 

’plane" of the image(s) from an optical system is curved, 

rather than flat. 

In another embodiment of the first class, intelligence 

may be integrated with sensors that detect the temperature 

changes and apply data from a look-up table to apply 

corrections. 

In yet another embodiment of this class, misalignment 

and focus errors are detected by measuring the power 

coupled into strategically placed sensing devices, such as 

photodiode arrays, monitor fibres or a wavefront sensor. 

Compensating holograms are formed as a result of the 

discrete approximations of the non-linear modulation. 

Changes or adjustments may then be made to these holograms°, 

for example by applying a stimulus and then correcting the 

holograms according to the sensed response until the system 

alignment is measured to be optimised. 

25 

In embodiments where the method provides routing 

functions by approximated linear modulation, adaptation of 

non-linear modulation due to changes in the path taken 

through the system desirably takes place on a timescale 

equivalent to that required to change the hologram routing, 

i.e. of the order of milliseconds. 

3O 

A control algorithm may use one or more of several 

types of compensation. 
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In one embodiment a look-up table is used with pre- 

calculated ’expected’ values of the compensation taking 

account of the different routes through the system. 

In another embodiment the system is trained before 

first being operated, by repeated changes of, or 

adjustments to, the compensating holograms to learn how the 

system is misaligned. 

I0 

15 

A further embodiment employs intelligence attached to 

the monitor fibres for monitoring and calculation of how 

these compensating holograms should adapt with time to 

accommodate changes in the system alignment. This is 

achieved in some embodiments by integrating circuitry 

components into the silicon backplane of the SLM. 

20 

25 

I~ many optical systems there is a need to control and 

adapt the power or shape of an optical beam as well as its 

direction or route through the optical system. In 

communications applications, power control is required for 

network management reasons. In general, optical systems 

require the levelling out or compensation for path and 

wavelength-dependent losses inside the optical system. It 

is usually desirable that power control should not 

introduce or accentuate other performance impairments. 

3O 

Thus in a second class of embodiments, the modulation 

applied is modified for controlling the attenuation of an 

optical channel subjected to the SLM. 

In one particular embodiment, the ideal value of phase 

modulation is calculated for every pixel, and then 
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multiplied by a coefficient .having a value between 0 and I, 

selected according to the desired attenuation and the 

result is compared to the closest available phase level to 

provide the value applied to the pixels. 

In another embodiment, the method further comprises 

selecting by a discrete approximation to a linear phase 

modulation, a routing hologram for display by the SLM 

whereby the beams may be correctly routed; selecting by a 

discrete approximation to a non-linear phase modulation, a 

further hologram for separating each beam into main and 

subsidiary beams, wherein the main-beam is routed through 

the system and the or each subsidiary beam is diffracted 

out of the system; combining the routing and further 

holograms together to provide a resultant hologram; and 

causing the SLM to provide the resultant hologram. 

The non-linear phase modulation may be oscillatory. 

2O 

25 

30 

In yet another embodiment, the method further 

comprises selecting by a discrete approximation to a linear 

phase modulation, a routing hologram for display by the SLM 

whereby the beams may be correctly routed; selecting by a 

discrete approximation to a non-linear phase modulation, a 

further hologram for separating each beam into main and 

subsidiary beams, wherein the main beam is routed through 

the system and at least one subsidiary beam is incident on 

an output at an angle such that its contribution is 

insignificant; combining the routing and further holograms 

together to provide resultant hologram; and causing the SLM 

to display the resultant hologram. 
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The non-linear phase modulation may be oscillatory. 

In a closely allied class of embodiments, light may be 

selectively routed to a sensor device for monitoring the 

light in the system. The technique used may be a power 

control technique in which light diverted from the beam 

transmitted through the system to reduce its magnitude is 

made incident on the sensor device. 

I0 

15 

In another class of embodiments, a non-linear phase 

modulation profile is selected to provide beam shaping, for 

example so as to reduce cross-talk effects due to width 

clipping. This may use a pseudo amplitude modulation 

technique. 

In a further class of embodiments, the method uses a 

non-linear modulation profile chosen to provide wavelength 

dependent effects. 

2O The light may be at a telecommunications wavelength, 

for example 850 nm, 1300 nm or in the range 1530 nm to 1620 

nm. 

Brief description of the drawings 

25 

3O 

Exemplary embodiments of the invention will now be 

described with reference to the accompanying drawings in 

which: 

Figure i shows a cross-sectional view through an 

exemplary SLM suitable for use in the invention; 

Figure 2 shows a sketch of a routing device in which a 

routing SLM is used additionally to provide correction for 

performance impairment due to misalignment; 
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Figure 3 shows a sketch of a routing device in which a 

routing SLM is used to route light beams and an additional 

SLM provides correction for performance impairment due to 

misalignment; 

5 Figure 4 shows a block diagram of an adaptive 

corrective SLM; 

Figure 5 shows an adaptiv~ optical system using three 

SLMs; 

Figure 6 shows a partial block diagram of a routing 

t0 device with a dual function SLM and control arrangements; 

Figure 7 shows a block diagram of an SLM for 

controlling the power transferred in an optical system; 

Figure 8a shows a diagram of phase change distribution 

applied by a hologram for minimum attenuation; 

t5 Figure 8b shows a diagram of phase change distribution 

applied by a hologram enabling attenuation of the signal; 

Figure 9 shows a power control system; 

Figure I0 shows a phasor diagram showing the effect of 

non-linear oscillatory phase modulation applied to adjacent 

20 pixels; 

Figure ii shows a schematic diagram of a part of an 

optical routing system illustrating the effects of clipping 

and cross talk; 

Figure 12 shows a partial block diagram of a system 

25 enabling beams of different wavelength from a composite 

input beam to be separately controlled before 

recombination; and 

Figure 13 shows a schematic diagram of an add/drop 

multiplexer using an SLM. 

30 Figure 14 is a diagram similar to Figure 12 but 

showing a magnification stage for increasing the effective 

beam deflection angle; 
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Figure 15 shows a vector diagram of the operation of 

an add/drop multiplexer; 

Figure 16 shows a block diagram showing how loop back 

may be effected; 

5 Figure 17 is a vector diagram illustrating the 

operation of part of Figure I~; 

Figure 18 is a vector diagram of a multi-input/multi 

output architecture; 

Figure 19 is a graph showing the relative transmission 

10 Tlo for in-band wavelengths as a function of the ratio of 

the wavelength offset u to centre of the wavelength channel 

separation; 

Figure 20 is a graph showing the relative transmission 

Thi inside adjacent channels; 

Figure 21 shows a logical diagram of the sorting 

function; 

"Figure 22 shows a block diagram of an add/drop node 

using two routing modules; 

Figure 23 shows a block diagram of modules used to 

20 cross-connect two rings; 

Figure 24 shows a block diagram of routing modules 

connected to provide expansion; 

Figure 25 shows a block diagram of an optical cross- 

connect; 

25 Figure 26 shows a block diagram of an upgrades node 

having a cascaded module at an expansion output port; 

Figure 27 is a graph showing the effect of finite 

hologram size of the field of a beam incident on a 

hologram; 

30 Figure 28 shows a schematic layout of a wavelength 

filter device; and, 
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Figure 29 shows a schematic layout of an add/drop 

device; 

Figure 30 shows a block diagram of an optical test 

set; 

Figure 31 is a diagram showing the effect of finite 

hologram size on a beam at a wavelength differen~ to the 

centre wavelength associated with the hologram; 

Figure 32 shows the truncated beam shapes for 

wavelengths at various wavelength differences from the 

centre of the wavelength channel dropped in isolation; 

Figure 33 shows the overlap integrands of the beams of 

Figure 32 with the fundamental mode of the fibre; 

Figure 34 shows beam output positions for different 

wavelengths with respect to two optical fibres; and 

Figure 35 shows the overlap integrand between the 

beams of Figure 34 and the fundamental mode of one of the 

optical fibres. 

Description of the preferred embodiments 

Many of the embodiments of the invention centre upon 

the realisation that the problems of the prior art can be 

solved by using a reflective SLM having a two-dimensional 

array of phase-modulating elements that. is large in number, 

and applying a number of light beams to groups of those 

phase-modulating elements. A significant feature of these 

embodiments is the fact that the size, shape and position 

of those groups need not be fixed and can, if need be, be 

varied. The groups may display holograms which can be set 

up as required to deflect the light so as to provide a non- 

specular reflection at a controllable angle to the specular 

reflection direction. The holograms may additionally or 

alternatively provide shaping of the beam. 
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5 

The SLM may thus simulate a set of highly flexible 

mirrors, one for each beam of light. The size, shape and 

position of each mirror can be changed, as can the 

deflection and the simulated degree of curvature. 

I0 

Devices embodying the invention act on light beams 

incident on the device to provide emerging light beams 

which are controlled independently of one another. 

Possible types of control include control of direction, 

control of power, focussing, aberration compensation, 

sampling and beam shaping. 

15 

2O 

25 

3O 

The structure and arrangement of polarisation- 

independent multiple phase liquid crystal over silicon 

spatial light modulators (SLMs) for routing light beams 

using holograms are discussed in our co-pending patent 

application PCT/GB00/03796. Such devices have an insertion 

loss penalty due to the dead-space between the pixels. As 

discussed in our co-pending patent application GB0107742.9, 

the insertion loss may be reduced significantly by using a 

reflecting layer inside the substrate positioned so as to 

reflect the light passing between the pixels back out 

again. 

Referring to Figure i, an integrated SLM 200 for 

modulating light 201 of a selected wavelength, e.g. 1.5 ~m, 

consists of a pixel electrode array 230 formed of 

reflective aluminium. The pixel electrode array 230, as 

will later be described acts as a mirror, and disposed on 

it is a quarter-wave plate 221. A liquid crystal layer 222 

is disposed on the quarter-wave plate 221 via an alignment 
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layer (not shown) as is known to those skilled in the art 

of liquid crystal structures. Over (as shown) the liquid 

crystal layer 222 are disposed in order a second alignment 

layer 223, a common ITO electrode layer 224 and an upper 

glass layer 225. The common electrode layer 224 defines an 

electrode plane. The pixel electrode array 230 is disposed 

parallel to the common electrode plane 224. It will be 

understood that alignment layers and other intermediate 

layers will be provided as usual. They are omitted in 

Figure I for clarity. 

15 

The liquid crystal layer 222 has its material aligned 

such that under the action of a varying voltage between a 

pixel electrode 230 and the common electrode 224, the 

uniaxial axis changes its tilt direction in a plane normal 

to the electrode plane 224. 

2O 

The quarter wave plate 221 is disposed such that light 

polarised in the plane of tilt of the director is reflected 

back by the mirror 230 through the SLM with its plane of 

polarisation perpendicular to the plane of tilt, and vice- 

versa. 

25 

Circuitry, not shown, connects to the pixel electrodes 

230 so that different selected voltages are applied between 

respective pixel electrodes 230 and the common electrode 

layer 224. 

3O 

Considering an arbitrary light beam 201 passing 

through a given pixel, to which a determined potential 

difference is applied, thus resulting in a selected phase 

modulation due to the liquid crystal layer over the pixel 
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electrode 230. Consider first and second orthogonal 

polarisation components, of arbitrary amplitudes, having 

directions in the plane of tilt of the director and 

perpendicular to this plane, respectively. These 

directions bisect the angles between the fast and slow axes 

of the quarter-wave plate 22i. 

I0 

The first component experiences the selected phase 

change on the inward pass of the beam towards the aluminium 

layer 230, which acts as a mirror. The second component 

experiences a fixed, non-voltage dependent phase change. 

15 

2O 

25 

However, the quarter-wave plate 221 in the path causes. 

polarisation rotation of the first and second components by 

90 degrees so that the second polarisation component of the 

light beam is presented to the liquid crystal for being 

subjected to the selected phase change on the outward pass 

of the beam away from the mirror layer 230. The first 

polarisation component experiences the fixed, non-voltage 

dependent phase change on the outward pass of the beam. 

Thus, both of the components experience the same overall 

phase change contribution after one complete pass through 

the device, the total contribution being the sum of the 

fixed, non-voltage dependent phase and the selected voltage 

dependent phase change. 

3O 

It is not intended that any particular SLM structure 

is essential to the invention, the above being only 

exemplary and illustrative. The invention may be applied 

to other devices, provided they are capable of multiphase 

operation and are at least somewhat polarisation 

independent at the wavelengths of concern. Other SLMs are 
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to be found in our co-pending applications W001/25840, 

EPI050775 and EP1053501 as well as elsewhere in the art. 

Where liquid crystal materials other than 

ferroelectric are used, current practice indicates that the 

use of an integral quarter wave plate contributes to the 

usability of multiphase, polarisation-independent SLMs. 

I0 

A particularly advantageous SLM uses a liquid crystal 

layer configured as a pi cell. 

15 

20 

25 

Referring to Figure 2, an integrated SLM i0 has 

processing circuitry ii having a first control input 12 for 

routing first and second beams 1,2 from input fibres 3,4 to 

output fibres 5,6 in a routing device 15. The processing 

circuitry ii includes a store holding control data which is 

processed to generateholograms which are applied to the 

SLM I0 for control of light incident upon the SLM I0. The 

control data are selected in dependence upon the data at 

the control input 12, and may be stored in a number of 

ways, including compressed formats. The processing 

circuitry Ii, which may be at least in part on-chip, is 

also shown as having an additional input 16 for modifying 

the holograms. This input 16 may be a physical input, or 

may be a ~soft" input -for example data in a particular 

time slot. 

3O 

The first beam 1 is incident on, and processed by a 

first array, or block 13 of pixels, and the second beam 2 

is incident on and processed by a second array, or block 14 

of pixels. The two blocks of pixels 13,14 are shown as 

contiguous. In some embodiments they might however be 

TS0000940 



WO 03/021341 

separated from one another by pixels that allow for 

mi s a I ignment. 

~]PCT/GB02/040,11 

10 

15 

Where the SLM is used for routing the beams 1,2 of 

light, this is achieved by displaying a linearly changing 

phase ramp in at least one direction across the blocks or 

arrays 13,14. The processing circuitry Ii determines the 

parameters of the ramp depending on the required angle of 

deflection of the beam 1,2. Typically the processing 

circuitry Ii stores data in a look-up table, or has access 

to a store of such data, to enable the required ramp to be 

created in response to the input data or command at the 

first control input 12. The angle of deflection is 

probably a two dimensional angle where the plane common to 

the direction of the incident light and that of the 

reflected light is not orthogonal to the SLM. 

20 

Assigning x and y co-ordinates to the elements of the 

SLM, the required amount of angular shift from the specular 

reflection direction may be resolved into the x and y 

directions. Then, the required phase ramp for the 

components is calculated using standard diffraction theory, 

as a ~desired phase characteristic". 

25 This process is typically carried out in a training 

stage, to provide the stored data in the look-up table. 

3O 

Having established a desired phase modulation 

characteristic across the array so as to achieve the 

desired contro! of said beam the processing circuitry iI 

transforms this characteristic into one that can be 

displayed by the pixels 13,14 of the SLM I0. Firstly it 
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should be borne in mind that the processing circuitry Ii 

controlling the pixels of an SLM I0 is normally digital. 

Thus there is only a discrete population of values of phase 

modulation for each pixel, depending on the number of bits 

used to represent those states. 

I0 

15 

2O 

25 

To allow the pixels 13,14 of the SLM ii to display a 

suitable phase profile, the processing circuitry ll carries 

out a level selecting operation for each pixel. As will be 

appreciated, the ability of the SLM to phase modulate has 

limits due to the liquid crystal material, and hence a 

phase ramp that extends beyond these limits is not 

possible. To allow for the physical device to provide the 

effects of the ideal device (having a continuously variable 

limitless phase modulation ability), the desired phase ramp 

may be transformed into a non-monotonic variation having 

maxima and minima within the capability limits of the SLM 

10. In one example of this operation, the desired phase 

modulation is expressed modulo 2pi across the array extent, 

and the value of the desired modulo-2pi modulation is 

established at the centre of each pixel. Then for each 

pixel, the available level nearest the desired modulation 

is ascertained and used to provide the actual pixel 

voltage. This voltage is applied to the pixel electrode 

for the pixel of concern. 

3O 

For small pixels there may be edge effects due to 

fringing fields between the pixels and the correlations 

between the director directions in adjacent pixels. In 

such systems the available phase level nearest to the value 

of the desired modulo-2pi modulation at the centre of each 

pixel (as described above) should be used as a first 
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approximation. A recursive algorithm is used to calculate 

the relevant system performance characteristic taking into 

account these ’edge’ effects and to change the applied 

level in order to improve the system performance to the 

required level. 

I0 

~Linear" means that the value of phase across an array 

of pixels varies linearly with distance from an arbitrary 

origin, and includes limited linear changes, where upon 

reaching a maximum phase change at the end of a linear 

portion, the phase change reverts to a minimum value before 

again rising linearly. 

15 

2O 

25 

The additional input 16 causes the processing 

circuitry II to modify the holograms displayed by applying 

a discrete approximation of a non-linear phase modulation 

so that the SLM I0 synthesises a corrective optical element 

such as a lens or an aberration corrector. As will be 

later described, embodiments may also provide power control 

(attenuation), sampling and beam shaping by use of the non- 

linear phase modulation profile. ~Non-linear" is intended 

to signify that the desired phase profile across an array 

of pixels varies with distance from an arbitrary origin in 

a curved and/or oscillatory or like manner that is not a 

linear function of distance. It is not intended that ~non- 

linear" refer to sawtooth or like profiles formed by a 

succession of linear segments of the same slope mutually 

separated by ~flyback" segments. 

3O The hologram pattern associated with any general non- 

linear phase modulation exp j~(u) = exp j (@0 (u) + @i (u) + 

~ (u) .... ) where j is the complex operator, can be considered 
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as a product. In this product, the first hologram term in 

the product exp j n0(u) implements the routing while the 

second hologram term exp j @z(u) implements a corrective 

function providing for example lens simulation and/or 

aberration correction. The third hologram term exp j @2(u) 

implements a signal processing function such as sampling 

and/or attenuation and/or beam shaping. The routing 

function is implemented as a linear phase modulation while 

the corrective function includes non-linear terms and the 

signal processing function includes non-linear oscillatory 

terms. 

15 

2O 

25 

3O 

Different methods of implementing the combination of 

these three terms are possible. In one embodiment the 

total required phase modulation @0(u) + @1(u) + @2(u) 

including linear routing and corrective function and the 

signal processing function is resolved modulo 2 pi and 

approximated to the nearest available phase level before 

application by the pixels. In another embodiment the 

summation of the phase modulation required for the linear 

and corrective function n0(u) + @z(u) is resolved modulo 2 

pi and approximated to the nearest phase level in order to 

calculate a first phase distribution. A second phase 

distribution @2(u) is calculated to provide sampling and/or 

attenuation and/or beam shaping. The two phase 

distributions are then added, re-resolved modulo 2 pi and 

approximated to the nearest available phase level before 

application by the pixels. Other methods are also 

possible. 
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Mathematically the routing phase modulation is 

periodic due to the resolution modulo 2pi and by nature of 

its linearity. 

]0 

15 

Therefore the routing phase modulation results in a 

set of equally spaced diffraction orders. The greater the 

number of available phase levels the closer the actual 

phase modulation to the ideal value and the stronger the 

selected diffraction order used for routing. 

By contrast, the corrective effects are realised by 

non-linear phase changes ~1(u) that are therefore non- 

periodic when resolved modulo 2pi. This non-periodic phase 

modulation changes the distribution of the reflected beam 

about its centre, but not its direction. The combined 

effect of both linear (routing) and non-periodic phase 

modulation is to change both the direction and distribution 

of the beam, as may be shown using the convolution theorem. 

2O 

25 

The signal processing effects are usually realised by 

a method equivalent to ’multiplying’ the initial routing 

and/or corrective hologram exp j(@0(u)+@z(u)) by a further 

hologram exp j ~2(u) in which ~(u) is non-linear and 

oscillatory. Therefore the set of diffraction orders 

associated with the further hologram creates a richer 

structure of subsidiary beams about the original routed 

beam, as may be shown using the convolution theorem. 

3O 

While this explanation is for a one-dimensional phase 

modulator array the same principle may be applied in 2-D. 
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Hence in a reconfigurable optical system this non- 

linear phase modulation may be applied by the same spatial 

light modulator(s) that route the beam. It will be 

understood by those skilled in the art that the SLM may 

have only a single control input and the device may have 

processing circuitry for combining control data for routing 

and control data for corrective effects and signal 

processing effects to provide an output to control the SLM. 

I0 

15 

2O 

The data may be entered into the SLM bit-wise per 

pixel so that for each pixel a binary representation of the 

desired state is applied. Alternatively, the data may be 

entered in the form of coefficients of a polynomial 

selected to represent the phase modulation distribution of 

the pixel array of concern in the SLM. This requires 

calculating ability of circuitry of the SLM, but reduces 

the data transfer rates into the SLM. In an intermediate 

design the polynomial coefficients are received by a 

control board that itself sends bit-wise per pixel data to 

the SLM. On-chip circuitry may interpret data being 

entered so as to decompress that data. 

25 

3O 

The pixel array of concern could be all of the pixels 

associated with a particular beam or a.subset of these 

pixels. The phase modulation distribution could be a 

combined phase modulation distribution for both routing and 

corrective effects or separate phase modulation 

distributions for each. Beam shaping, sampling and 

attenuation phase modulation distributions, as will be 

described later, can also be included. In some cases it 

may not be possible to represent the phase modulation 

distribution as a simple polynomial. This difficulty may 
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be overcome by finding a simple polynomial giving a first 

approximation to the desired phase modulation distribution. 

The coefficients of this polynomial are sent to the SLM. A 

bit-wise correction is sent for each pixel requiring a 

correction, together with an address identifying the 

location of the pixel. When the applied distribution is 

periodic only the corrections for one period need be sent. 

I0 

The processing circuitry II may be discrete from or 

integral with the SLM, or partly discrete and partly 

integral. 

15 

2O 

25 

3O 

Referring to Figure 3, a routing device 25 includes 

two SLMs 20,21 which display holograms for routing light 

1,2 from an input fibre array 3,4 to an output fibre array 

5,6. The two SLMs are reflective and define a zigzag path. 

The first SLM 20 hereinafter referred to as a ~corrective 

SLM" not only carries out routing but also synthesises a 

corrective optical element. The second SLM 21 carries out 

only a routing function in this embodiment, although it 

could also carry out corrections or apply other effects if 

required. The second SLM 21 is hereinafter referred to as 

a "routing SLM". Although the corrective SLM 20 is shown 

disposed upstream of the routing SLM 21, it may 

alternatively be disposed downstream of the routing SLM 21, 

between two routing SLMs, or with systems using routing 

devices other than the routing SLM 21. 

The routing SLM 21 has operating circuitry 23 

receiving routing control data at a routing control input 

24, and generating at the SLM 21 sets of holograms for 

routing the beams 1,2. The corrective SLM 20 has operating 
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circuitry 26 receiving compensation or adaptation data at a 

control input 27 to cause the SLM 20 to display selected 

holograms. In this embodiment, the SLM 20 forms a 

reflective lens. 

Synthesising a lens at the SLM 20 can be used to 

change the position of the beam focused spot and therefore 

correct for a position error or manufacturing tolerance in 

one or more other lenses or reflective (as opposed to 

transmissive) optical elements, such as a curved mirror. 

The synthesised lens can be spherical or aspheric or 

cylindrical or a superposition of such lenses. Synthesised 

cylindrical lenses may have arbitrary orientation between 

their two long axes and the lens focal lengths can both be 

positive, or both be negative, or one can be positive and 

the other negative. 

To provide a desired phase modulation profile for a 

lens or curved mirror to compensate for an unwanted 

20 deviation from a required system characteristic, the system 

is modelled without the lens/mirror. Then a lens/mirror 

having the correction to cancel out the deviation is 

simulated, and the parameters of the lens/mirror are 

transformed so that when applied to an SLM the same effect 

25 is achieved. 

3O 

In one application what is required is to adjust the 

position and width of the beam waist, of a Gaussian-type 

beam at some particular point in the optical system, in 

order to compensate for temperature changes or changes in 

routing configuration. Hence two properties of the beam 

must be adjusted and so it is necessary to change two 

properties of the optical system. In a conventional static 
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optical system both a lens focal length and the position of 

the lens are selected to achieve, the required beam 

transformation. In the dynamic systems under consideration 

it is rarely possible deliberately to adjust the position 

of the optical components. A single variable focus action 

at a fixed position changes both the position and the width 

of the beam waist and only in special circumstances will 

both properties be adjusted to the required value. 

I0 

15 

One method to overcome this problem is to apply both 

corrective phase and corrective ’pseudo-amplitude’ 

modulation (to be described later) with a single SLM. 

However the amplitude modulation reduces the beam power 

which may be undesirable in some applications. A further 

and preferred method is to apply corrective phase 

modulation with two separate SLMs. 

2O 

25 

For example consider coupling from one input fibre (or 

input beam) through a routing system into the selected 

output fibre (or output beam). Inside the routing system 

there are at least two SLMs carrying out a corrective 

function. They may also be routing and carrying out other 

functions (to be described in this application~. In 

between a given pair of SLMs carrying out focus correction 

there is an intermediate optical system. 

30 

At the first SLM carrying out a corrective function 

there may be calculated and/or measured the incident 

amplitude and phase distribution of the input beam that had 

propagated from the input fibre or beam. At the second SLM 

carrying out a corrective function there may be calculated 

and/or measured the ideal amplitude and phase distribution 
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that the output beam would adopt if coupling perfectly into 

the output fibre or beam. This can be achieved by 

backlaunching from the output fibre or beam or by a 

simulation of a backlaunch. The required focus correction 

functions of these two SLMs is to transform the incident 

ampiitude and phase distribution arriving at the first SLM 

to the ideal amplitude and phase distribution at the second 

SLM to achieve perfect (or the desired) coupling efficiency 

into the output fibre or output beam. 

The corrective phase modulation to be applied at the 

first SLM should be calculated, so as to achieve the ideal 

amplitude distribution at the second SLM as the beam 

arrives at the second SLM after passing from the first SLM 

and through the intermediate system. This calculation 

should take into account propagation through the 

intermediate system between the first and second SLMS. 

Hence the function of the first SLM is to correct the beam 

so as to achieve the ideal amplitude distribution for the 

output beam. The beam phase distribution should also be 

calculated as it arrives at the second SLM. The corrective 

phase distribution to be applied at the second SLM should 

be calculated so as to transform the phase distribution of 

the beam incident upon it from the intermediate system to 

the ideal phase distribution required for the output beam 

at the second SLM. 

3O 

Two variables available at the SLM to effect 

corrections from an optimal or other desired level of 

performance are firstly the blocks of pixels that are 

delineated for the incident light beam, and secondly the 

hologram that is displayed on the block(s) of concern. 
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Starting with the delineation of blocks~ it should be 

borne in mind that the point of arrival of light on the SLM 

can only be predicted to a certain accuracy and that the 

point may vary according to physical changes in the system, 

for example due to temperature effects or ageing. Thus, 

the device allows for assessment of the results achieved by 

the current assignment, and comparison of those results 

with a specified performance. In response to the 

comparison results, the delineation may be varied so as to 

improve the results. 

In one embodiment a training phase, uses for example a 

hill climbing approach to control and optimise the position 

15 of the centre of the block. Then if the "in-use" results 

deviate by more than a specified amount from the best 

value, the delineation of the block is varied. This 

process reassignment may step the assigned block one pixel 

at a time in different directions to establish whether an 

20 improved result is achieved, and if so continuing to step 

to endeavour to reach an optimum performance. The 

variation may be needed where temperature effects cause 

positional drift between components of the device. It is 

important to realise that unlike MEMS systems and the like, 

all the pixels are potentially available for all the beams. 

Also the size, shape and location of a delineated block is 

not fixed. 

3O 

Equally the size and shape of a block may be varied if 

required. Such changes may be necessary under a variety of 

situations, especially where a hologram change is needed. 

If for example a hologram requiring a larger number of 
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pixels becomes necessary for one beam, the size of the 

block to display that hologram can be altered. Such 

changes must of course usually be a compromise due to the 

presence of other blocks (possibly contiguous with the 

present block) for displaying holograms for other beams of 

light. 

I0 

Monitoring techniques for determining whether the 

currently assigned block is appropriate include the 

techniques described later herein as "taking moments". 

15 

20 

25 

Turning to variation of the hologram that is displayed 

on the block of concern, one option to take into account 

for example physical changes in the system, such as 

movement out of alignment, is to change one normal linear- 

type routing hologram for another, or to adjust the present 

hologram in d~rect response to the sensed change. Thus if, 

due for example to temperature effects, a target location 

for a beam moves, it may be necessary to change the 

deflection currently being produced at a pixel block. This 

change or adjustment may be made in response to sensed 

information at the target location, and may again be 

carried out "on-line" by varying the hologram step by step. 

However, it may be possible to obtain an actual measure of 

the amount and direction of change needed, and in this case 

either a new hologram can be read in to the SLM or a 

suitable variation of the existing hologram carried out. 

30 

As well as, or instead of, linear changes to linear 

routing holograms, corrective changes may be needed, for 

example to refocus a beam or to correct for phase 

distortion and non-focus aberrations. 
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10 

Having corrected the beam focus other aberrations may 

remain in the system. Such aberrations distort the phase 

distributions of the beams. These aberrations will also 

change with routing configuration asthe beams are passing 

through different lenses and/or different positions on the 

same lenses. Similarly the aberrations will change with 

temperature. To obtain stable and acceptable performance 

of a reconfigurable optical system, the aberrations can be 

corrected dynamically. 

15 

20 

25 

To provide a desired phase modulation profile for 

these aberrations the system may be modelled or measured to 

calculate the phase distortion across the SLM, compared to 

the ideal phase distribution. The ideal phase distribution 

may again be found by modelling the system ’backwards’ from 

the desired output beam, or by backlaunching and 

measurement, while the actual phase distribution may be 

found by modelling the system forwards from the input beam 

or measurement. The calculations will include the effects 

of reflection from the SLM itself. The corrective function 

of the SLM is to transform between the actual and ideal 

phase distortion. The phase distortion is defined as the 

phase difference between the actual phase distribution and 

the ideal phase distribution. The desired corrective 

profile isthe conjugate phase of the phase distortion. 

30 

Alternatively, these corrective functions can be 

shared by two SLMs, which allows an extra degree of freedom 

in how the beam propagates inside the intermediate system 

between the two SLMs. 
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Further, given a real system a sampling method (as 

will be described later) may be used to direct a fraction 

of the beam towards a wavefront sensor that may assess the 

beam. So far the process is deterministic. Then the 

changes are applied to the real system, and perturbations 

on the parameters are applied while monitoring the sensor 

and/or the input/output state, so as to determine whether 

an optimum configuration is achieved. If not, the 

parameters are changed until a best case is achieved. Any 

known optimising technique may be used. It is preferred to 

provide a reasonable starting point by deterministic means, 

as otherwise local non-optimum performance maxima may be 

used instead of the true optimum. 

15 The method or device of the invention may be used to 

correct for aberrations such as field curvature in which 

the output ’plane’ of the image(s) from an opticalsystem 

is curved, rather than flat. 

2O 

25 

Equally, even if in use the SLM forms a corrective 

element by having non-linear phase modulation applied 

across it, if it is operated in separate training and use 

phases, it may be desirable while training for the SLM to 

route as well. In this case the SLM scans the processed 

beam over a detector or routes the beam, for example using 

one or more dummy holograms, into a monitor fibre. 

3O 

Referring now to Figure 4, the corrective SLM 20, used 

purely for synthesising a corrective element, has operating 

circuitry 125, and further comprises processing circuitry 

122 and temperature sensors 123. In this embodiment the 

operating circuitry, temperature sensors and processing 
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circuitry are integrated on the same structure as the rest 

of the SLM, but this is not critical to the invention. 

Associated with the processing circuitry is a store 124 

into which is programmed a lookup table. The sensors 

detect temperature changes in the system as a whole and in 

the SLM, and in response to changes access the look up 

table via the processing circuitry 122 to apply corrections 

to the operating circuitry. These corrections affect the 

holograms displayed on the blocks 13, 14 of pixels.. The 

sensors may also be capable of correction for temperature 

gradients. 

2O 

This technique may also be applied to an SLM used for 

routing. 

Referring now to Figure 5, an optical system 35 has a 

corrective SLM 30 with operating circuitry 31, and 

processing circuitry 32. The system includes further 

devices, here second and third SLMs 33 and 34, disposed 

downstream of the corrective SLM 30. The second SLM 33 is 

intended to route light to particular pixel groups 15, 16 

of the third SLM 34. The third SLM 34 has monitor sensors 

37 for sensing light at predetermined locations. In one 

embodiment these sensors 37 are formed by making the 

reflective layer partially transmissive, and creating a 

sensing structure underneath. In another, the pixel- 

electrode of selected pixels is replaced by a silicon 

photodetector or germanium sensor structure. 

3O In either case, circuitry may be integrated into the 

silicon backplane to process the output of the sensors 37, 

for example to compare the outputs of adjacent sensors 37, 
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or to threshold one sensor against neighbouring sensor 

outputs. Where possible, processing circuitry is on chip, 

as it is possible to reduce the time taken after light has 

been received to respond to it in this way. This is 

because there is no need to read information off-chip for 

processing, and also because calculations may be able to be 

performed in parallel. 

I0 

15 

2O 

Provided the routing-together with any compensation 

effects from the corrective SLM 30 - is true, the sensors 

37 will receive only a minimal amount of light. However 

where misalignment or focus errors are present, the extent 

of such errors is detected by measuring the power coupled 

into the monitor sensors. To that end, the sensors 37 

provide data, possibly after some on-chip processing, to 

the processing circuitry 32. The processing circuitry 32 

contains a c~ntrol algorithm to enable it to control the 

operating circuitry 31 to make changes of, or adjustments 

to, the compensating holograms displayed on the corrective 

SLM 30 until the system alignment is measured to be 

optimised. In some embodiments, changes to the sub-arrays 

to which beam affecting holograms are applied may be made 

in response to the sensor output data. 

25 

3O 

In another embodiment a determined number of dummy 

ports are provided. For example for a connector two or 

more such ports are provided and for routing devices three 

or more dummy ports are provided. These are used for 

continuous misalignment monitoring and compensation, and 

also for system training at the start. 
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Although some embodiments can operate on a trial and 

error basis, or can be adapted "on the fly", a preferred 

optical system uses a training stage during which it causes 

to be stored in the look-up table data enabling operation 

under each of the conditions to be encountered in use. 

I0 

15 

2O 

25 

In one embodiment, in the training stage, a set of 

initial starting values is read in for application to the 

SLM 30 as hologram data, then light is applied at a fibre 

and the result of varying the hologram is noted. The 

variations may include both a change of pixels to which the 

hologram is applied, and a change of the hologram. Where 

more than one fibre is provided, light is applied to each 

other fibre in turn, and similar results obtained. Then 

other environmental changes are applied and their effects 

noted, e.g. at the sensors 37, and the correction for input 

data either calculated or sought by varying the presently- 

applied data using optimisation techniques to seek best or 

acceptable performance. 

Then, in use, the system may be operated on a 

deterministic basis - i.e. after ascertaining what effect 

is sought, for example responding to a temperature change 

or providing a change in routing, the change to the applied 

data for operating the device can be accessed without the 

need for experiment. 

3O 

A preferred embodiment operates in the deterministic 

way, but uses one or more reference beams of light passed 

through the device using the SLM 30. In that way the 

effect of deviations due to the device itself can be 

isolated. Also it can be confirmed that changes are being 
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correctly made to take into account environmental and other 

variations. 

I0 

The device may also have further monitor sensors 

placed to receive the zero-order reflections from the 

SLM(s) to enable an assessment to be made of the input 

conditions. For example, where an input channel fails, 

this can be determined by observing the content of the 

specular reflection from the light beam representing that 

channel. Where there are two SLMs as in some routing 

systems, the specular reflections from each SLM may be 

sensed and compared. 

2O 

25 

Referring now to Figure 6, a dual-function SLM 40 

provides both routing and correction. The SLM 40 has 

operating circuitry 41 and processing circuitry 42. The 

operating circuitry 41 receives routing data ad a first 

control input 44 for causing the processing circuitry 42 to 

generate the holograms on the SLM 40 to achieve the desired 

routing. The processing circuitry 42 also receives routing 

data on an input 45, and controls the operating circuitry 

41 using an algorithm enabling adaptation due to changes in 

the path taken through the system to take place on a 

timescale equivalent to that required to change the 

hologram display, i.e. of the order of milliseconds. 

The control algorithms for this embodiment may use one 

or more of several types of compensation. 

3O In one embodiment a look-up table is stored in a 

memory 43, the look-up table storing pre-calculated and 
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stored values of the compensation for each different route 

through the system. 

In another embodiment the system is trained before 

first being operated, using changes of, or to the 

compensating hol~grams to learn how changing the 

compensating holograms affects the system performance, the 

resulting data being held in the memory 43. 

i0 

15 

2O 

In a further embodiment, the processing circuitry 42 

employs intelligence responsive to signals from monitor 

sensors 47,48 for monitoring and calculation of how these 

compensating holograms should adapt with time to 

accommodate changes in the system alignment. This is 

achieved in some embodiments by integrating circuitry 

components into the silicon backplane of the SLM, or by. 

discrete components such as germanium detectors where the 

wavelengths are beyond those attainable by silicon devices. 

In some embodiments sensors 47 are provided for sensing 

light at areas of the SLM, and in others the sensors 48 may 

instead or also be remote from the SLM 40 to sense the 

effects of changes on the holograms at the SLM 40. 

25 

3O 

Referring now to Figure 7, an optical system 80 

includes an SLM 81 for routing beams 1,2 of light from 

input fibres 3,4 to output fibres 5~6 by means of holograms 

displayed on pixel groups 13,14 of the SLM. The holograms 

are generated by processing circuitry 82 which responds to 

a control input 83 to apply voltages to an array of 

pixellated elements of the SLM, each of which is applied 

substantially uniformly across the pixel of concern. This 
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result is a discrete approximation of a linear phase 

modulation to route the beams. 

;B02/04011 

10 

15 

2O 

25 

The processing circuitry 82 calculates the ideal 

linear phase ramp to route the beams, on the basis of the 

routing control input 83 and resolves this phase modulo 

2Pi. The processing circuitry at each of the pixels then 

selects the closest available phase level to the ideal 

value. For example if it is desired to route into the m’th 

diffraction order with a grating period ~ the ideal phase 

at position u on the SLM 81 is 2pi.mu/~. Therefore, 

approximately, the phase goes linearly from zero up to 2pi 

over a distance ~/m after which it falls back to zero, see 

Figure 8a. 

Control of the power in individual wavelength channels 

is a common requirement in communication systems. Typical 

situations are the need to avoid receiver saturation, to 

maintain stable performance of the optical amplifiers or to 

suppress non-linear effects in the transmission systems 

that might otherwise change the information content of the 

signals. Power control may be combined with sampling or 

monitoring channels to allow adjustment of the power levels 

to a common power level (channel equalisation) or to some 

desired wavelength characteristic. 

3O 

Deliberate changes to the value of ~ can be used to 

reduce the coupling efficiency into the output in order to 

provide a desired attenuation. This is suitable for 

applying a low attenuation. However, it is not suitable 

for a high attenuation as, in that event, the beam may then 

be deflected towards another output fibre, increasing the 
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crosstalk. If there is only one output fibre this method 

may be used regardless of the level of attenuation. 

I0 

To provide a selected desired attenuation of the 

optical channel in the system, processing circuitry 85 

responds to an attenuation control input 84 to modify the 

operation of the operating circuitry 83 whereby the 

operating circuitry selects a linear phase modulation such 

that by the end of each periodic phase ramp the phase has 

reached less than 2pi, see Figure 8b. 

15 

This may be achieved by calculating the ideal value of 

phase for every pixel, and then multiplying this ideal 

value by a coefficient r between 0 and i, determined on the 

basis of the desired attenuation. The coefficient is 

applied to every pixel of the array in order to get a 

reduced levei per pixel, and then the available phase level 

nearest to the reduced level is selected. 

2O 

25 

3O 

The method of this embodiment reduces the power in 

this diffraction order by making the linear phase 

modulation incomplete, such that by the end of each 

periodic phase ramp the phase has only reached 2pi.r. It 

has however been found that the method of this embodiment 

may not provide sufficient resolution of attenuation. It 

also increases the strength of the unwanted diffraction 

orders likely to cause crosstalk. When combined with 

deliberate changes in the length of the ideal phase ramp 

the resolution of attenuation may be improved. Again if 

there is only a single output fibre the crosstalk is less 

important. 
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Resolution may also be improved by having a more 

complex incomplete linear phase modulation. However, the 

unwanted diffraction orders may still remain too strong for 

use in a wavelength-routed network. Hence to control the 

power by adapting the routing hologram may have undesirable 

performance implications in many applications, as crosstalk 

worsens with increase of attenuation. The problem can be 

overcome by use of a complex iterative design. This could 

be used to suppress the higher orders but makes the routing 

control more expensive. 

15 

2O 

25 

3O 

Referring now to Figure 9, a system 99 includes an SLM 

90 controlled by applying a discrete approximation of a 

linear phase modulation to route beams 1,2 from input 

fibres 3,4 to output fibres 5,6 as previously described 

with respect to Figure 7. Thus operating circuitry 91 

selects a routing hologram fo~ display by the SLM, in 

accordance with a routing input 92, whereby the beams may 

be correctly routed, using a look up table or as otherwise 

known. A memory holds sets of data each allowing the 

creation of a respective power controlling hologram. 

Processing circuitry 93 runs an algorithm which chooses a 

desired power controlling hologram corresponding to a value 

set at a power control input 94. The power controlling 

hologram is selected to separate each beam into respective 

main la, 2a and subsidiary ib, 2b beams, such that the main 

beams la, 2a are routed through the system and the or each 

subsidiary beam(s) Ib, 2b is/ are diffracted out of the 

system, for example to a non-reflective absorber 97. 

The processing circuitry 93 applies the power 

controlling hologram data to a second input 95 of the 
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operating circuitry 91 which acts on the routing hologram 

data so as to combine the routing and power controlling 

holograms together to provide a resultant hologram. The 

operating circuitry then selects voltages to apply to the 

SLM 90 so that the SLM displays the resultant hologram. 

I0 

Thus power in a routing context is controlled by 

combining the routing hologram with another hologram that 

has the effect of separating the beam into a main beam and 

a set of one or more subsidiary beams. Of these the main 

beam is allowed to propagate through the system as required 

while the other(s) are diffracted out of the system. 

15 

2O 

25 

30 

For example consider a hologram that applies phases of 

+~ and -~ on adjacent pixels. In terms of real and 

imaginary parts this hologram has the same real part, cos 

@, oh every pixel, see Figure i0, while the imaginary part 

oscillates between ¯ sin @. It can be shown using Fourier 

theory that the net effect is to multiply the amplitude of 

the original routed beam by a factor cos @, and to divert 

the unwanted power into a set of weak beams at angles that 

are integer multiples of ±~/2p with respect to the original 

routed beam, where I is the operating wavelength and p is 

the pixel pitch. 

The system is designed from a spatial viewpoint such 

that light propagating at such angles falls outside the 

region of the output fibres 5,6 of Figure 9. An 

alternative design directs the unwanted light into output 

fibres 5,6 at such a large angle of incidence that the 

coupling into the fundamental mode is very weak, and has no 

substantial effect. In this case the unwanted power is 
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coupling :into the higher-order modes of the fibre and so 

will be attenuated rapidly. A fibre spool or some other 

technique providing mode stripping is then used on the 

output fibre before the first splice to any other fibre. 

In either case, the effective attenuation of the beam 

is i0 logz0 cos~@. Hence, in this way, polarisation- 

independent phase modulation may be used to create an 

effect equivalent to polarisation-independent amplitude 

modulation. This is termed herein "pseudo amplitude 

modulation"    In this particular case the pseudo-amplitude 

modulation applied at every pixel is cos ~. 

It will be clear to those skilled in the art that use 

of alternate pixels as the period of alternation is not 

essential, and may in some cases be undesirable. This is 

because of edge effects in the pixels. 

2O 

25 

3O 

The period and pattern of alternation can be varied so 

as to adjust the deflection angle of the ’unwanted power’. 

This light directed away from the output fibres can be 

collected and used as a monitor signal. Hence the pseudo- 

amplitude modulation can be used to sample the beam 

incident on an SLM as previously discussed. This sampling 

hologram can be combined with a routing and/or power 

control and/or corrective SLM. In the latter case the 

sampled beam can be directed towards a wavefront sensor and 

then used to assess the quality of the beam correction. 

While the pseudo-amplitude modulation as described above is 

applied to the whole beam, it could be applied selectively 

to one or more parts of the beam. 
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A further modification to this pseudo-amplitude 

modulation is to multiply it by a further phase modulating 

hologram such as to achieve a net effect equivalent to a 

complex modulation. 

It is often important that the sampling hologram takes 

a true sample of the output beam. Therefore in some cases 

the sampling hologram should be applied after the 

combination of al! other desired effects including 

resolution modulo 2 pi and approximation to the nearest 

available phase level. In this case the overall actual 

phase modulation distribution is achieved by a method 

equivalent to forming the product of the sampling hologram 

and the overall hologram calculated before sampling. 

Similar pseudo-amplitude modulation techniques may be 

extendedto suppress the crosstalk created by clipping of 

the beam tails at the edges of each hologram and to tailor 

the coupling efficiency vs. transverse offset 

20 characteristic of the output fibres. Since the transverse 

position at the output fibre is wavelength dependent, this 

tailoring of the coupling efficiency vs. offset can be used 

to tailor the wavelength response of the system. This is 

important in the context of wavelength division 

25 multiplexing (WDM) systems where the system wavelength can 

be expected to lie anywhere in the range of the available 

optical amplifiers. The output angle for beam steering 

using an SLM and periodic linear phase modulation is 

proportional to the wavelength while the focal length of 

30 corrective lenses is also wavelength-dependent. Therefore 

a hologram configured to give the optimum coupling 

efficiency at one wavelength will produce an output beam 

with transverse and/or longitudinal offset at another 
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wavelength. These effects result in wavelength-dependent 

losses in systems required to route many wavelength 

channels as an ensemble. Hence a method designed to 

flatten or compensate for such wavelength-dependent losses 

is useful and important. 

10 

Among the envisaged applications are the flattening of 

the overall wavelength response and the compensation for 

gain ripple in optical amplifiers, especially Erbium-doped 

fibre optic amplifiers (EDFA). 

15 

20 

25 

An SLM device may also be used to adapt the shape, 

e.g. the mode field shape, of a beam in order to suppress 

crosstalk. 

Beam shaping is a type of apodisation. It is 

advantageously used to reddce crosstalk created at a device 

by clipping of the energy tails of the light beams. Such 

clipping leads to ripples in the far field. These ripples 

cause the beam to spread over a wider region than is 

desired. In telecommunications routing this can lead to 

crosstalk. Other applications may also benefit from 

apodisation of a clipped laser beam, such as laser 

machining, for example, where it is desired to process a 

particular area of a material without other areas being 

affected and laser scalpels for use in surgery. 

3O 

Clipping occurs because the energy of the beam spreads 

over an infinite extent (although the amplitude of the beam 

tails tends to zero), while any device upon which the beam 

is incident has a finite width. Clipping manifests itself 
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as a discontinuity in the beam amplitude at the edges of 

the device 

10 

15 

20 

25 

3O 

Referring to Figure ii, two SLMs 100,101 are used for 

beam steering or routing of beams 1,2 from input fibres 3,4 

to output fibres 5,6, as described in PCT GB00/03796. Each 

SLM 100,101 is divided into a number of blocks of pixels 

103a, 104a; 103b, 104b. Each block 103a, 104a is 

associated with a particular input fibre 3,4 -i.e. the 

fibre of concern points to the subject block. Each block 

displays a hologram that applies routing. As previously 

discussed herein the holograms may also or alternatively 

provide focus compensation, aberration correction and/or 

power control and/or sampling, as required. 

The blocks 103a, 104a at the input SLM I00 each 

receive a beam from an associated input fibre 3,4 while the 

blocks 103b, 104b at the output SLM i01 each direct a beam 

towards an associated output fibre 5,6. Each block 103a, 

103b has a finite width and height. As known to those 

skilled in the art and as previously noted, the beam width 

is infinite, therefore the block clips the beam from or to 

the associated fibre and this creates undesired ripples in 

the far field. 

The ripples due to c~ipping of the beam I are 

figuratively shown as including a beam 106 which, it will 

be seen, is incident on the wrong output hologram, 

displayed on block 104b at the output SLM I01. ~Wrong" 

signifies holograms other than that to which the beam of 

concern is being routed, for example holograms displayed by 

blocks around the block to which the beam should be routed. 
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Some of these ripples will then be coupled into ~wrong" 

output fibres 5,6 -i.e. those to which the beam is not 

deliberately being routed- leading to crosstalk. It will 

be clear to those skilled in the art that these effects 

will be present on blocks other than those adjacent to the 

"correct" blocks, as the field of beam 1 is infinite in 

extent. 

I0 

In any physical system the effect of the ripples 

created by clipping at the output SLM i01 depends on the 

optical architecture. 

15 

In practice the non-ideal transfer function of the 

optics (due to finite lens apertures and aberrations) means 

that a sharp change in the amplitude spreads out and causes 

crosstalk in adjacent output fibres. In effect the optics 

applies a limit to the range of spatial frequencies that 

can be transmitted. This frequency limit causes crosstalk. 

20 

25 

3O 

The wider the device, compared to the beam spot size 

at the device, the weaker the ripples in the far field and 

the lower the crosstalk. In general a parameter C is 

defined such that the required width of SLM per beam is 

given by H=C.~, where ~ is the beam spot size at the SLM. 

The value of C depends on the beam shape, the optical 

architecture and the allowable crosstalk. Typically for a 

Gaussian beam, with no beam shaping and aiming for 

crosstalk levels around -40 dB, C would be selected to have 

a value greater than or equal to three. Looking at this 

system from the spatial frequency viewpoint, the field 

incident on the SLM contains (for perfect optics) all the 

spatial frequencies in the input beam. The finite device 
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width cuts off the higher spatial frequencies, so, again, 

the optics applies a limit to the range of spatial 

frequencies that can be transmitted and this frequency 

limit causes crosstalk. 

Beam shaping can be used to decrease the crosstalk for 

a given value of C, and also allow the use of a lower value 

of C. Calculations for NxN switches have shown that 

decreasing the value of C leads to more compact optical 

switches and increases the wavelength range per port. 

Hence beam shaping can be employed to provide more compact 

optical switches and/or an increased wavelength range per 

port. 

The idea behind using beam Shaping or ’apodisation’ to 

reduce crosstalk is based on an analogy with digital 

transmission systems. In these systems a sequence of 

pulses is transmitted through a channel possessing a 

limited bandwidth. The frequency response of the channel 

distorts the edges of pulses being transmitted so that the 

edges may interfere with one another at the digital 

receiver leading to crosstalk. The channel frequency 

response can, however, be shaped so as to minimise such 

crosstalk effects. Filters with responses that have odd- 

symmetry can be used to make the edges go through a zero at 

the time instants when pulses are detected. 

3O 

Therefore beam-shaping with odd symmetry can be used 

to make the crosstalk go through a zero at the positions of 

the output fibres. Such a method is likely to be very 

sensitive to position tolerances. 
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Another method used in digital systems is to shape the 

frequency cut-off so that it goes smoothly to zero. In the 

present context the ideal case of ’smoothly’ is that the 

channel frequency response and all derivatives of the 

frequency response become zero. In practice it is not 

possible to make all derivatives go to zero but a system 

may be designed in which the amplitude and all derivatives 

up to and including the k’th derivative become zero at the 

ends of the frequency range. The higher the value of k, 

the quicker the tails of the pulse decay. Therefore the 

beam shaping should go as smoothly as possible to zero. 

15 

2O 

25 

3O 

To investigate the effects of beam shaping the 

amplitude modulation was treated as continuous. The system 

studied was a single lens 2f system where 2f is the length 

of the system between fibres and SLM, assuming f is the. 

focal length with fibres in one focal plane, and an SLM in 

the other focal plane. The input fibre beam was treated as 

a Gaussian. Various amplitude modulation shapes were 

applied at the SLM and the coupling efficiency into the 

output fibre was calculated. In this architecture and from 

Abbe theory, the incident field at the SLM is proportional 

to the Fourier Transform of the field leaving the input 

fibre. In particular, different spatial frequencies in the 

fibre mode land on different parts of the SLM. Clipping 

removes the spatial frequencies outside the area of the 

hologram. Beam shaping at the SLM has the effect of 

modifying the relative amplitude of the remaining spatial 

frequencies. 

Residual ripples may still remain due to the 

discontinuity in the beam derivative but the ripples will 
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be reduced in amplitude and decay more quickly. Further 

reduction in the ripple amplitude and increase in the rate 

of decay may be achieved by shaping the beam such that both 

the amplitude and the first k derivatives go to zero at the 

edges. 

10 

15 

2O 

25 

Mathematical analysis of the effect has also been 

carried out. The results are as follows: 
The neh time derivative of a function can be expressed 

in terms of its Fourier Transform as shown in equation (i) : 

d" g(t) _ ;(i2~rf ), GOe)expi2gft df 
(1) 

dt~ 

Hence, by inversion, the frequency dependence of the 

Fourier Transform (FT) may be expressed as an FT of any one 

of the function’s derivatives as shown in equation (2): 

1 ~d"g(t).exp_i2fft~ (2) G(f) = 02.~.f), ~ ~. 

Choosing the zeroth derivative provides the expression 

in equation (3): 

G(f) = ~gQ) exp- i2zo2 m (3) 

To apply the analysis to free-space beam-steering:- 

let x and y be the position co-ordinates at the fibre 

output from a switch, and u and v be the position co- 

ordinates at the SLM. Assume the SLM to be in one focal 

plane of a lens of focal length f, and the fibre array to 

be in the other focal plane: 

i 
.2~ +nt~;;Esu, t~,v)expi2~A ~u+yv~udv (4) Ev~ (x, y) = fA exp(-~-~ f 

such that the output field (see equation (4)) is a 2-D 

Fourier Transform of the field at the SLM, Es~. In this 
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result t is the lens thickness and N its refractive index, 

while ~ is the optical wavelength. 

10 

For the present purposes the I-D equivalent is 

considered (relation 5) : 

i    .2~ +nt)) ;gs~(u)expi2.~--~ (xu)du         (5) E~n~(x) : 

Comparing with (3) it is clear that the position co- 

ordinate at the SLM (u) is e~ivalent to the time domain 

and the position co-ordinate at the output (x) is 

e~ivalent to the fre~ency domain. Hence from (2) the 

output field may be e~ressed in terms of a derivative of 

the field at the SLM, as shown in e~ation (6) : 

Era(x)= i 
.2~ 

nt)) ; ~ "~v’~k ~"    �6) 

15 

20 

Let the kth derivative of Es~(u) be non-zero and 

smoothly varying over the range [-H/2, H/2], but zero 

outside this range, such that the derivative changes 

discontinuously at u = ±H/2, as defined in (7) : 

d~Esz~ (u) = 0 Vu : u < -~ 
du~ 

2 

= gu U = 

=s(u)+g" -~<u<--~ 

=gn u=+~ 

=0 U>~H-" 

(7) 

This representation assumes EsLM to be even in u. 

Physically this situation represents a beam that is 

perfectly aligned with respect to the centre of a hologram 

of width H. 
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This derivative may be expressed as the sum of a rect 

function and a smoothly varying function, s(u), that is 

zero at and outside lul=H/2, as shown in equation (8): 

10 

du~ ,- - g~rec     + s(u)                        (8) 

For example consider a clipped (and unapodised) 

Gaussian beam; the zeroth derivative (k=0) may be expressed 

as shown in equations (9) and (I0): 

(9) 

(i0) 

15 

Now returning to the general case (equation(8)) the 

k+lth derivative is calculated to be as shown in equation 

(ii) : 

2O 

It is now convenient to calculate the output field. 

Set n=k+l in (6) to obtain equation (12) : 

g. ;(J(u + H/2)-~(u- H/2))exp- j2~zxudu 
1 

Em(x) °c (j2mc)*+’ [+ ~u ) OXp_ j2.nxudu 
(12) 

which becomes equation (13) : 

1 
2jgnsin(~xH)+ exp- j2n:ru du (13) 
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10 

15 

2O 

25 

3O 

As the position is increased, the exponential term in 

the 2nd integral of (13) oscillates more and more rapidly. 

Eventually the spatial frequency is so high that the 

derivative of s(u) can be considered to be constant, or 

nearly constant, over the spatial period. In which case the 

integral is zero, or nearly zero, when evaluated over each 

period of the oscillation. Therefore at high frequencies 

the whole of the second integral must approach zero. 

It is assumed that the behaviour is dominated by the 

first integral. The first integral shows that if the 

amplitude changes discontinuously (k=0, i.e. an unapodised 

hologram), the spectrum (EFIB) decays as I/x. Now, if the 

amplitude and the first derivative are continuous, it is 

the second derivative that changes discontinuously, and so 

k=2 and the spectrum’ (EFzB) decays as i/x3. Numerical 

simulations have been carried out to confirm this 

behaviour. 

A particularly advantageous shape is one in which the 

shaped beam has odd symmetry about points midway between 

the centre and the edges such that the beam amplitude and 

all of its derivatives go to zero at the beam edges. 

The beam shaping may be effected to remove only a 

small amount of power from the central portion of the beam, 

to maintain acceptable system efficiency. A method for 

shaping a beam to achieve suppression of the ripples is now 

described. 

TS0000974 



WO 03/021341 OPCT/GB02/04011 

- 65- 

Defining the middle of the beam as f(u), then f(u) can 

describe the original beam in its central portion, or what 

is left in the original beam after it has already been 

partially shaped, using, for example, pseudo-amplitude. To 

avoid ripples in the far field the edges of the beam go to 

zero at u = ±H/2, where H is the width of the hologram. 

I0 

Hence, at the right-hand edge, describe the beam as in 

equation (14): 

fa(u) = f (O) - f (u-H/2)                   (14) 

(The left-hand edge is considered later). 

15 

To get matching of the amplitude half-way between the 

middle and the edge it is required that condition (15) 

should be valid: 

(15) 

20 

From which there is obtained equation (16): 

f (H/4) +f (-H/4) = f (0) (16) 

25 

NOW consider the derivatives at the joining point. 

The nth derivative of the right-hand edge function is given 

by equation (17) : 

du " .=u     du " 

3O 

Hence at the joining point condition (18) is valid: 

d" f-- ooeI =_d" fI                  (18) 
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In order to avoid the creation of high frequency 

effects (crosstalk tails) by the joining point all 

Hence it is derivatives are desirably continuous here. 

required that condition (19) should be true: 

(19) 

10 

To find out whether this is possible, expand the 

function f in a Taylor series about x=0 to obtain equation 

(20) : 

f = f(O)+ a,u + a~u~ +asus +a~u~ +asu~ + a~u~ + .......... (20) 

The first derivative is given by equation (21): 

df =al + 2a2u+ 3aau2 +4a4ua + ....... (21) 
du 

15 

2O 

The required condition (19) for the first derivative 

(n=l) can be obtained provided f is even in x, so that all 

the odd coefficients {az,as..} in (20) and (21) are zero. 

This makes the first derivative continuous at the joining 

point. Furthermore if f is an even function then 

f(H/4)=f(-H/4) in which case (16) becomes (22) : 

f(H/4)= -} f (O) (22) 

25 

Given that f is now an even function, 

derivative of f is given by equation (23) : 

d2f = 2a~ +12a4u~ + ....... 
du2 

the second 

(23) 

Returning to the required condition in (19) it is 

clear that it cannot be satisfied for n=2. Hence the 
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second derivative is discontinuous at the joining point 

u=H/4. 

The left-hand edge is given by equation (24) 

fL;4 (U) = f (0) --f (u+H/2) (24) 

Given that f is even, the overall function has odd 

symmetry in each half plane about x = ± H/4. 

I0 To work out what happens at u= +_H/2, expand f~ and f~ 

in Taylor series, as shown in equations 25 and 26: 

15 

2O 

(25) 

(26) 

The function and its first derivative are both zero at 

u= ~/H, but the second derivative has the value 2a2. Outside 

of the range [-~, ~H] the beam drops to zero. Hence the 

second derivative is discontinuous at both u=±~H and 

u=±H/4, and the far field must therefore decay as the cube 

of the distance measured in the far field. 

From the analysis, the required properties of f(u) for 

a hologram of width H are that firstly it should be even in 

25 .u, and that secondly its amplitude at the position u=H/4 

should be half the amplitude at u=O. After apodisation has 

been applied the shape of the beam in the region between 

u=H/4 and u=H/2 should be given by f~(u)= f(O)-f(u-H/2) 

while in the region between u=-H/2 and u=-H/4 the shape of 

30 the beam should be given by f~(u)= f(O)--f(u+H/2). In 

practice the shaping may not increase the local beam 
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amplitude. Hence the hologram width and/or the shape of 

the central portion may have to be adjusted to avoid the 

requirement for ’amplifying’ shaping. 

]0 

As an example these conditions are satisfied by a 

Gaussian distribution given by equation 27: 

(27) 

If the original beam satisfies the first two 

conditions it can be apodised without removing power from 

the central region. Otherwise shaping can be applied to 

the central region so that these two conditions are 

satisfied. 

15 

2O 

25 

3O 

In some systems there may be a requirement to adapt 

the width of the beam in the far field: either to narrow 

the beam or to broaden the beam. This may be useful for 

laser processing of materials as well as for routing. It 

is advantageous that the method to change the width does 

not introduce side lobes. A particular application that 

would benefit is laser drilling of holes. The SLM could be 

used to narrow the drilling beam as well as to change its 

focus so that the drilled hole remains of uniform diameter 

(or has reduced diameter variation) as the hole is 

progressively bored. 

In order to broaden the far field, the near field (at 

the SLM) needs to be made narrower. This may be 

implemented by applying shaping to the central portion of 

the beam so that its full width half maximum (FWHM) points 

become closer together and so that the beam shape has even 

symmetry about its centre. Preferably the amplitude at the 
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very peak is not reduced so as not to lose too much power. 

The distance between the two FWHM points defines the 

effective half-width of the hologram. Further shaping 

should be applied to the left-hand and right-hand edges of 

this effective hologram, so that the beam shape has the 

required properties as described previously. Outside of 

the width of the effective hologram the beam shape should 

have zero amplitude. 

10 

15 

2O 

To narrow the far field, the near field (at the SLM) 

needs to be made broader. This may be implemented by 

applying shaping to the central portion of the beam, so 

that the FWHM points become further apart, and so that the 

beam shape has even symmetry about its centre. Typically 

this will require reduction of the amplitude around its 

peak. The extent of this reduction is governed by the need 

to be able to apply shaping to the ~ight and left hand 

edges of the hologram with the constraint that the shaping 

may only decrease the amplitude (and not increase it). 

Amplitude-modulating SLMs can be used to implement the 

shaping but they are polarisation-dependent. 

Another pseudo-amplitude modulation can be created to 

implement the beam shaping by using a phase-modulating SLM, 

25 which may be made polarisation-independent. This may be 

achieved by recognising that a phase modulation exp j ~(u), 

where j is the complex operator, is equivalent to a phase 

modulation cos @(u) + j sin @(u). Now choose @(u) such that 

the modulus of @(u) is varying slowly but the sign is 

30 oscillating. 
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Hence the real part of the modulation, cos @(u), will 

be slowly varying and can act as the amplitude modulator to 

create the beam shape, while the imaginary part of the 

modulation, ± sin @(u), will be oscillating rapidly with an 

equivalent period of two or more pixels. Hence the energy 

stripped off by the effective amplitude modulator will be 

diffracted into a set of beams that are beam-steered out of 

the system at large angles. 

I0 

15 

2O 

25 

In a preferred embodiment, the system is designed such 

that light travelling at such angles will either not reach 

the output plane or will land outside the region defined by 

the output ports. Therefore the-beam component shaped by 

sin ~(u) is rejected by the optical system, while the beam 

component shaped by cos @(u) is accepted by the system and 

couples into one or more output ports, as required. While 

this explanation is for a one-dimensional phase modulator 

array the same principle is applicable in 2-D. If @(u) 

varies from 0 at the centre of the beam to ~/2 at the edges 

then the amplitude of the beam shaped by cos @(u) varies 

from 1 at the centre of the beam to 0 at the edges, thus 

removing the amplitude discontinuity that creates rippling 

tails in the far field. This can be achieved with minimal 

change to the insertion loss of the beam as it passes 

through the system. Indeed, often the insertion loss due 

to clipping is due to interference from the amplitude 

discontinuity, rather than the loss of energy from the beam 

tails. 

3O The beam-shaping hologram is non-periodic but 

oscillatory and may be applied as a combination with other 
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routing and/or lens synthesis and/or aberration correcting 

and/or power control and/or sampling holograms. 

I0 

Further advantages of the beam shaping are that it 

reduces the required value of C for a given required 

crosstalk, allowing more compact optical switches. Another 

advantage is that the crosstalk decays much more rapidly 

with distance away from the target output fibre. Hence, 

essentially, the output fibres receive crosstalk only from 

their nearest neighbour fibres. 

15 

2O 

Therefore in a large optical switch used as a shared 

NxN switch for a range of wavelengths, it should be 

possible to arrange the wavelength channel allocation such 

that no output fibre collects crosstalk from a channel at 

the same system wavelength as the channel it is supposed to 

be collecting. This would reduce significantly the 

homodyne beat noise accumulation in networks using such 

switches, and, conversely, allow an increase in the allowed 

crosstalk in each switch as heterodyne crosstalk has much 

less of an impact at the receiver, and can also be filtered 

out if necessary. 

25 

3O 

The crosstalk suppression method uses beam shaping to 

suppress ripples in the beam tails. The same method can be 

adapted to change the beam shape around the beam centre. 

For the case when the output beam is an image of the beam 

at the SLM the beam shaping is working directly on an image 

of the output beam. The fraction of the initial beam that 

is shaped by the slowly varying function cos ~(u) can have 

the correct symmetry to couple efficiently into the 

fundamental mode of the output fibre. The fraction of the 
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initial beam that is shaped by the rapidly varying function 

+ sin ~(u) has the wrong symmetry to couple into the 

fundamental mode and can be adjusted to be at least 

partially orthogonal to the fundamental mode. 

Effectively, it is the fraction of the beam shaped by 

cos @(u) that dominates the coupling efficiency into the 

fundamental mode. Therefore the dependence of the coupling 

efficiency vs. transverse qffset is dominated by the 

overlap integral between the cos @(u) shaped beam and the 

fibre fundamental mode. 

2O 

25 

When the incident beam is the same shape as the 

fundamental mode and for small transverse offsets the 

coupling efficiency decreases approximately parabolically 

with transverse.offset. In many beam-steering systems 

using phase-modulating SLMs the transverse offset at the 

output fibre increases linearly with the wavelength 

difference from the design wavelength. Consequently the 

system coupling efficiency decreases approximately 

parabolically with wavelength difference from the design 

wavelength. Beam shaping can be used to adjust the shape 

of the incident beam and optimised to flatten the 

dependence on transverse offset and hence to flatten the 

wavelength response. Alternatively a more complex 

wavelength dependence could be synthesised to compensate 

for other wavelength-dependent effects. 

3O 

Beam shaping may also be used during system assembly, 

training or operation in order to measure mathematical 

moments of a light beam. A description of the method and 
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theory will be followed by a description of some example 

applications. 

10 

15 

The method requires a first stage during which 

corrective phase modulation is applied by the SLM such that 

the phase profile of the beam leaving the SLM’has no non- 

linear component. This may be confirmed with a collimeter 

or wavefront sensor or some other suitable device. In a 

first embodiment the phase profile has no linear component 

applied to deflect the beam such that the beam is reflected 

in a specular direction. An optical receiver is placed to 

receive the reflected beam. The power reflected exactly 

into the specular direction is proportional to the square 

of an integral A(n) given in equation (28) where f(n,u,v) 

is the complex amplitude of the beam leaving the SLM at co- 

ordinates u,v during the nth stage of the method. 

A(n) = ~f(n,u, v) du dv (28) 

2O The optical power received by the photodiode during 

the nth stage of the method is given by equation (29). 

P(n) = K(A(n))2 ( 29 ) 

where K is a constant of proportionality. 

25 

30 

If received by an optical fibre the received power 

will be modified according to the fibre misalignment and 

mode field distribution, leading to possible ambiguities in 

the method. Hence it is preferred instead to receive the 

beam by a photodiode. During the first stage of the method 

the net phase modulation applied by the SLM is such that 

the beam is of uniform phase. Let b(u,v) be the beam 

amplitude distribution. Therefore during this first stage 
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the integral A is equal to the zeroth moment, a0, of the 

beam amplitude distribution, as shown in equation (30), and 

f(n,u,v) is equal to b(u,v). 

A(1) = aO = ;~b(u, v) du dv ( 3 0 ) 

Therefore the power, P(1), measured by the photodiode 

during this first stage is given by equation (31). 

P(1) = Kao~ ( 3 I) 

I0 In order to characterise a two-dimensional beam, 

moments of the beam distribution may be taken in two 

orthogonal directions, in this case the u and v directions. 

Consider the pixel block of concern to be broken up into a 

set of columns. To each column in the block a particular 

15 effective amplitude modulation may be applied using the 

pseudo-amplitude method or some other method. For.example 

consider the pixel column with a centre at co-ordinate u*. 

By applying an alternating phase modulation of +~(u*) and 

.-@(u*) to adjacent pixels in the same column the effective 

20 amplitude modulation applied to the particular column is 

cos (u*)) . 

25 

In order to calculate the first moment in the u 

direction, during the second stage of the method the values 

of cos(~(u*)) are chosen such as to approximate to a linear 

distribution, as described in equation (32). 

cos(@~*)) ~ mu * +c ( 3 2 ) 

3O 

Therefore the power P(2) measured during the second 

stage of the process is given by (33). 

+ 
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where alu is the first moment of the beam distribution 

in the u direction, as given by (34). 

alu = [ [ub(u, v) du dv (3 4 ) 

The ratio of the powers measured during the two stages 

is then given by equation (35) 

P(2) ~ m2 
-I- 2rnc aw + c2 ( 3 5 ) 

P(O)     k. ao J ao 

10 

15 

20 

25 

Given the measured power ratio and the values of m and 

c as chosen to satisfy the constraints of the method, the 

quadratic equation given in (35) may be solved to calculate 

the ratio of the first order moment in the u direction to 

the zeroth order moment. 

The constraints on m and c are such that the actual 

values of the alternating phase of each column need to be 

chosen from the available set and such that the total phase 

excursion across the expected area of the beam remains 

within the range [0,~] or [-~,0] so that the cos(@(u*)) term 

may decrease (or increase) monotonically. In practise a 

photodiode of finite size will receive power diffracted 

from the SLM within an angular distribution about the 

specular direction. A further constraint on the gradient 

’m’ in equation (32) is such that the side lobes created by 

the linear amplitude modulation fall outside the area of 

the photodiode. 

30 

Similar methods may be used to take approximate 

higher-order moments in the u direction, and also first and 

higher-order moments in the v direction. In the latter 
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case to each row in the block a particular effective 

amplitude modulation is applied, e.g. by setting adjacent 

pixels in the row to alternating phases of +@(v*) and 

-~(v*), where v* is the position co-ordinate of the row. 

The second-order moments may also be calculated and used to 

estimate the beam spot size at the hologram. This estimate 

can be used as part of the control algorithm for focus 

adjustment. 

I0 In a second embodiment a further linear phase 

modulation is applied to the hologram during each stage so 

as to deflect the beam to be measured while taking the 

moments towards a particular photodiode. 

15 

2O 

Consider a Gaussian type beam b(u,v) centred at 

position co-ordinates (u0,v0). The even symmetry of the 

beam about axes parallel to the u and v directions and 

through the centre lead to the identities given by 

equations (36) and (37). 

;;(u - uO)b(u, v) du dv = 0 (36) 

;;(v - vO)b(u, v) du dv = 0 ( 3 7 ) 

25 

Hence approximate values of the first order moments 

measured as described previously, or by some other method, 

may be used to deduce approximate positions for the beam 

centres, as shown by equations (38) and (39). 

uo ,~ aw (38) 
ao 

(39) 
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In the next stage of the measurement the pixel block 

initially assigned to the beam is re-assigned such that it 

is centred within half a pixel in each of the u and v 

directions from the approximate centre of the beam, as just 

calculated. 

I0 

Let the new centre of the pixel block be at (ul,vl). 

A new hologram should be calculated such that the beam 

leaving the SLM acts as the product of a beam of uniform 

phase distribution and an effective amplitude distribution 

given by equation (40). 

cosC#Cu*)) = m~ *-ul) ( 40 ) 

15 

2O 

The principle is that if the beam centre lies exactly 

at Ul the measured power exactly in the specular direction 

will be zero. Taking into account the finite area of the 

photodiode the measured power c~nnot be zero but will be 

minimised when ul is within half a pixel pitch of the beam 

centre. 

This new hologram should be applied to the pixel block 

and the power measured. At this point the method can 

proceed in two ways. 

25 

3O 

In one embodiment a further estimate of the beam 

centre can be calculated, as described previously, a new 

centre position ul calculated, the hologram recalculated 

according to equation (40) and the power measured again. 

This process can be repeated until the value of ul appears 

to have converged. 
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In a second embodiment the centre of the pixel block, 

ul can be re-assigned, the hologram recalculated according 

to (40) and the power measured again. At the current pixel 

block centre, ul, for which the beam centre is within half 

a pixel of ul, the measured power should be at a minimum 

value. 

10 

A further embodiment is to use a suitable combination 

of these two alternative methods. 

The centre of the pixel block in the v direction can 

be measured using similar methods. 

15 

2O 

25 

The size of the pixel block used should be chosen so 

as to cover the expected area of the beam. Outside of this 

area the phase can be modulated on a checkerboard of, for 

example, !loi/2, so that the effective amplitude m~dulation 

is zero and the light from these regions is diffracted far 

away from the photodiode. 

It can be shown that equations (36) and (37) are also 

satisfied if the beam waist is not coincident with the SLM, 

that is the beam is defocused. Although the method as 

described above will not be calculating the proper moments 

of the beam, it can be shown that the position of the beam 

centre may still be identified using the methods described. 

3O 

The beam shaping method may be extended to control and 

adapt the amplitude of the beam steered through the system. 

If ~(u) varies from ~ at the centre of the beam to ~/2 at 

the edges then the real part of the pseudo-amplitude 

modulation can be considered as cos ~ multiplied by an 
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ideal beam-shaping function that causes insignificant 

insertion loss. In which case there is an associated 

additional insertion loss given by approximately 101ogx0 

(cos2 ~). By varying the value of ~ the beam power can be 

varied. Therefore the same device can be used to achieve 

power control, otherwise known as channel equalisation, as 

well as changing the routing or direction of a beam. 

Deliberate changes in the beam shaping function can be used 

to increase the number of ’grey levels’ possible for the 

beam ~ttenuation, i.e. to provide an increased resolution. 

As for the beam shaping, the rejected power is diffracted 

out of the system. Therefore this attenuation method does 

not increase crosstalk. 

15 Another technique for controlling beam power without 

increasing crosstalk is to deflect the unwanted energy in a 

direction orthogonal to the fibres susceptible to 

crosstalk. 

2O 

25 

This may be combined with yet another technique, 

namely distorting the beam phase in such a way that much of 

the energy couples in to the higher-order modes of the 

fibre, rather than the fundamental mode that carries the 

signal. The beam phase distortion may alternatively be 

used alone. 

3O 

In an embodiment, these methods are achieved by 

dividing the area of the SLM on which the beam is incident 

into a set of ’power controlling’ stripes. The long side 

of the stripes are at least substantially in the plane in 

which the input and output beam are travelling. By varying 

the relative phase in the stripes the coupling efficiency 
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into the fundamental mode of the output fibre is changed, 

and hence the throughput efficiency of the optical system 

is set. This method can be applied to a pixellated device 

that is also routing or otherwise adapting a beam. In this 

case each ’stripe’ would contain between one and many of 

the pixels already in use. 

10 

Alternatively the long side of the power controlling 

stripes could be in one plane in one electrode, with the 

long side of the routing pixels in an orthogonal direction 

in the other electrode, of which either the stripe 

electrodes, or the pixellated electrodes, or both, are 

transparent. 

15 

2O 

25 

3O 

Alternatively the device acts solely as a beam power 

controller, or channel equaliser. In this case each stripe 

could be a single pixel. The set of stripes for each beam 

defines a block. Many blocks could be placed side by side 

to form a row of blocks, with each block in the row 

providing channel equalisation for a different beam. Many 

rows could also be provided so as to provide channel 

equalisation for signals coming in on different input 

fibres. 

If a pair of confocal focusing elements is disposed 

between the output fibre and SLM then the output fibre 

receives an image of the field at the SLM. In this case 

the attenuation at the output fibre is governed by the 

orthogonality between the image and the fundamental mode of 

the fibre. Assuming, and without loss of generality, that 

a perfect image is formed such that sharp phase 

discontinuities are preserved, it may be shown that the 
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coupling efficiency into the fundamental mode is 

proportional to the square of a sum of weighted integrals. 

The weight is the modulation exp i@ applied by a stripe, 

and the associated integral is over the area onto which 

that stripe is imaged. The integrand is positive and 

depends on the square of the iocal electric field 

associated with the fundamental mode. Each integral is 

represented as a phasor, with a length depending on how 

much of the fundamental mode power passes through the 

I0 region onto which the stripe is imaged, and a phasor angle 

depending on the phase modulation. The net coupling 

efficiency is given by the magnitude of the vector 

summation of the individual phasors associated with each 

stripe. For simple devices it may be advantageous to use 

15 as few stripes as possible as this reduces any losses due 

to dead space between the stripes and reduces the control 

’compiexity. With only two stripes of approximately equal 

area (and hence two phasors of approximately equal length) 

the possible vector sums lie on a semicircle and hence the 

20 number of possible grey levels is equal to the number of 

phase levels between 0 and pi, which may not be sufficient. 

Transverse offset of the output fibre with respect to the 

centre of the image has the effect of making the two 

phasors unequal and hence complete extinction is not 

25 possible. These problems may be overcome by using three or 

more stripes per hologram. For example with three stripes 

the loci of vector sums lie on circles centred about the 

semicircle taking just two of the stripes into 

consideration. Hence many more values are possible. 

30 Increasing the number of stripes increases the number of 

grey levels and the depth of attenuation. 
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A fibre spool is used on the output fibre before any 

splices are encountered. It will clear to those skilled in 

the art that other mode stripping devices or techniques 

could be used instead. 

This system can also be adaptive: given knowledge of 

the applied phase by each stripe and enough measurements of 

the coupling efficiency, the lengths of the different 

phasors associated with each stripe can be calculated. 

Given these lengths the performance can be predicted for 

¯ any other applied phases. Hence suitable algorithms can be 

included in the SLM or interface to train and adapt the 

device performance to cater for transverse offset of the 

output fibre and other misalignments. 

Sharp edges or phase discontinuities in this image 

will be eroded by the bptical modulation transfer function 

(MTF) but, nevertheless, where a sufficient number of 

stripes is provided it is possible to vary the phase 

modulation of each and achieve a wide range of attenuation. 

Ultimately what limits the depth of attenuation is the 

residual zero-order due to, for example, an imperfect 

quarter-wave plate or Fresnel reflections from different 

25 surfaces inside the SLM such that the reflected light has 

not yet been phase-modulated. An example reflection is 

from the interface between the cover glass and transparent 

electrode. Such residual zero orders will couple into the 

output fibre independently of the phase modulation. In 

30 many cases the residual zero order will have a different 

polarisation state to the beam that has been properly 
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processed by the phase modulation, so even adapting the 

phase modulation will not recover the depth of attenuation. 

I0 

15 

2O 

25 

3O 

In such cases it is advantageous to apply some. routing 

to the output fibre, such that the zero order is offset 

from the output fibre and the intended output beam is 

steered into a diffraction order of the routing hologram. 

For a many-pixellated SLM this may be achieved using the 

standard routing algorithm described earlier. For a simple 

SLM with few pixels, e.g. the one with the stripes in the 

plane of the input and output fibres, these stripes can be 

subdivided in an orthogonal direction, that is to create a 

2-D array of pixels. This however increases the device 

complexity. 

An alternative simple device is to combine it with a 

tip-tilt beam-steering element, as described in Optics 

Letters, Vol. 19, No 15, Aug i, 1994 "Liquid Crystal Prisms 

For Tip-Tilt Adaptive Optics" G D Love et al. In this case 

the top ’common electrode’ is divided into a set of top 

electrodes, one for each device, where each device is 

assumed to receive a separate beam or set of beams. Each 

top electrode has different voltages applied on two 

opposite sides. The shape of the top electrode is such 

that the voltage between the electrodes varies nonlinearly 

in such a way as to compensate for the non-linearity of the 

phase vs. applied volts characteristic of the liq~id 

crystal. Hence with all the stripe electrodes at the same 

voltage the device provides a linear phase ramp acting like 

a prism and deflecting the phase-modulated beam in a pre- 

defined direction, such that the residual zero order falls 

elsewhere, as required. Changing the stripe electrode 
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voltage causes phase changes in the imaged beam but does 

not prevent the deflection. Small adjustments in the phase 

ramp can be used to compensate for component misalignments 

and/or curvature of the SLM substrate and/or wavelength 

difference from the design wavelength for the tip-tilt 

device. Such small adjustments in the phase ramp can also 

be used to achieve fine control’over the attenuation. 

Hence such a device would be useful whether or not the 

required attenuation is sufficiently strong for the 

residual zero order to become a problem. Alternatively the 

top electrode can be divided into two or more areas, with 

the shape of each so as to compensate for the phase vs. 

volts non-linearity. Varying the voltage on the ends of 

each electrode can be used to offset the phase modulation 

of each stripe in order to create the desired attenuation. 

In this case the aluminium electrode would be common to the 

device, removing dead-space effects. 

2O 

25 

In another embodiment of the tip-tilt device, the top 

electrode is common to all devices and a shaped transparent 

electrode is provided, e.g. by deposition, on top of the 

quarter-wave plate, with connections to the SLM circuitry 

to either side of the device. In this case the aluminium 

may act only as a mirror and not as an electrode. Again 

the shaped transparent electrode may be subdivided into two 

or more areas to provide the attenuation. This embodiment 

avoids dead-space effects and also a voltage drop across 

the quarter-wave plate. 

3O In a further embodiment, such a tip-tilt device has a 

shaped transparent electrode on both cover glass and 

quarter-wave plate. The planes of tip-tilt for the two 
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devices may be orthogonal or parallel. With two parallel 

tip-tilt electrodes the device may act as a power- 

controlling two-way switch, and also, as will be described 

later, can be used in a multi-channel add/drop multiplexer. 

With two orthogonal tip-tilt electrodes the device can beam 

steer in 2-dimensions such’as to correct for positional 

errors. Either of the two tip-tilt electrodes can be 

subdivided so as to provide attenuation. 

I0 One advantageous SLM is that described in our co- 

pending patent application EPI053501. 

If there is a single focusing element between the 

output fibreand SLM then the field at the output fibre is. 

15 the Fourier Transform of the field leaving the SLM. In 

thi’s case three classes of phase modulation can be used to 

c~ange the coupling efficiency into the output fibre. The 

first two classes assume a many-pixellated SLM while the 

third class assumes a few-pixel SLM with or without tip- 

20 tilt features as described earlier. In the third class the 

’tip-tilt feature may be used to compensate for transverse 

positional errors in the input and output fibre. 

25 

The different classes of phase modulation result in a 

variable coupling efficiency at the output fibres using the 

following methods: 

3O 

As noted above, the first class uses a many-pixellated 

SLM. A periodic phase modulation is applied that creates a 

set of closely spaced diffraction orders at the output 

fibre. The spacing is comparable to the fibre mode spot 

size such that there is significant interference between 
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the tails of adjacent diffraction orders. The phases of 

these diffraction orders are chosen such that the resulting 

superposition is rapidly alternating in phase and therefore 

couples into the higher-order fibre modes. Varying the 

strength, phase and position of each diffraction order 

changes the attenuation. If the long sides of the stripes 

used to create this alternating output field are in the 

plane of the input and output fibres, then diffraction 

orders landing outside the target optical fibre fall along 

a line orthogonal to the output fibre array, and therefore 

do not cause crosstalk. 

15 

In the second class, again using a many-pixellated 

SLM, a non-periodic smoothly varying non-linear phase 

modulation is applied at the SLM, in this case the SLM acts 

as a diffractive lens such that the beam is defocused and 

couples into higher-~rder modes, 

In the third class, which uses a simple SLM with few 

20 pixels, the pixels are used to apply phase distortion 

across the beam incident on the SLM. Such phase modulation 

can be considered to be equivalent to the first class but 

with a long period. The phase distortion at the SLM 

results in amplitude and phase distortion in the reflected 

25 beam and hence reduces the coupling efficiency into the 

output fibre. 

3O 

Again, all three methods require use of a mode 

stripper on the output fibre. Again suitable algorithms 

can be included in the SLM or interface to train the 

system. 
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Another embodiment, not illustrated, uses a graded- 

index (GRIN) lens secured to one face of an SLM, and having 

input and output fibres directed on or attached to the 

opposite face. The SLM may provide selective attenuation, 

5 and/or may selectively route between respective input 

fibres and selected output fibres. A requirement for 

stable performance is fundamental for optical devices used 

in communications and like fields. One of the dominant 

manufacturing costs for such optical devices is device 

I0 packaging. The GRIN lens architecture results in a compact 

packaged device resilient to vibrations. However, the 

architecture can have problems with spherical aberration 

and problems in achieving the required alignment accuracy. 

In particular there is often a requirement for precise 

transverse positioning of the fibres. Also due to 

manufacturing tolerances in the GRIN lens the focused spot 

in the reflected beam can be offset significantly in the 

longitudinal direction from the end f~ce of the output 

fibre, resulting in an insertion loss penalty. This 

20 problem gets worse the longer the GRIN lens. Applying 

selected non-linear phase modulation to the SLM may 

compensate for problems such as focus errors, length 

errors, longitudinal positional errors and spherical 

aberration. Applying selected linear phase modulation to 

25 the SLM and/or using tip-tilt electrodes may compensate for 

problems such as transverse positional errors. 

30 

Optical systems using SLMs may individually process 

the channels from an ensemble of channels on different 

wavelengths, entering the system as a multiplex of signals 

in a common beam. Given a continuous array of pixels the 

SLM may also process noise between the channels. Hence the 

TS0000997 



I0 

15 

20 

WO 03/021341 OPCT/GB02/04011 

optical system acts as a multiwavelength optical processor. 

The processing may include measurement of the 

characteristics of the signals and accompanying noise as 

well as routing, filtering and attenuation. 

in a first application, the SLMs carry out 

attenuation, known in this context as channel equalisation. 

A second application is a channel controller. A third 

application is an optical monitor. A fourth application is 

an optical test set. A fifth application is add/drop 

multiplexing. Further applications are reconfigurable 

wavelength demultiplexers and finally modular routing 

nodes. In all of these applications the SLMs may carry out 

routing and/or power control and/or beam shaping and/or 

sampling and/or corrective functions as described earlier. 

The system to be described is not restricted to this set of 

seven applications but is a general multi-wavelength system 

architecture for distributing the wavelength spectrum from 

one or more inputs across an array of devices.and 

recombining the processed spectrum onto one or more 

selected outputs. 

25 

30 

The inputs and outputs may be to and from optical 

networking equipment such as transmission systems, 

transmitter line cards and receiver line cards. 

Alternatively the inputs may be from one or more local 

optical sources used as part of a test set: either via an 

intermediate optical fibre or emitting directly into the 

optical system. The outputs may be to one or more local 

photo detectors for use in testing and monitoring. 

Applications outside the field of communications are also 

possible such as spectroscopy. 
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Such multi-wavelength architectures can be adaptations 

of optical architectures used for wavelength de- 

multiplexing. Wavelength demultiplexers typically have a 

5 single input port and many output ports. These can use one 

or more blazed diffraction gratings: either in free-space 

or in integrated form such as an AWG (Arrayed Waveguide 

Grating). These devices are reciprocal and hence work in 

reverse. Hence if a signal of the appropriate wavelength 

I0 is injected into the output port it will emerge from the 

input port. The output port usually consists of an optical 

waveguide or fibre with an accepting end that receives a 

focused beam from the optical system and a delivery end 

providing an external connection. Now consider replacing 

15 the acceptance end of the output waveguide/fibre with a 

reflective SLM: all of the processed signals reflected 

straight back will couple into the input fibre and emerge 

from the input port. These signals can be separated from 

the input signal with a circulator. Alternatively the 

20 system is adapted so that the reflected signals emerge and 

are collected together into a different fibre. 

25 

3O 

Free-space optical systems performing wavelength de- 

multiplexing can use diffraction gratings made by ruling, 

or from a master, or made holographically, or by etching. 

Usually these work in reflection but some can work in 

transmission. One or two gratings can be used in the 

system. The optics used to focus the beams can be based on 

refractive elements such as lenses or reflective elements 

such as mirrors or a combination of the two. 

Referring to Figure 12, a channel equaliser 350 has a 

single grating 300 used with a refractive focusing element 
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310 and an SLM 320. To make the diagram clearer, the 

grating 300 is drawn as working in transmission. Other 

embodiments use two gratings and/or reflective focusing 

elements and/or gratings that work in reflection, such as 

blazed gratings. 

I0 

15 

A first input beam 301 from an input port 304 contains 

an ensemble of channels at different wavelengths entering 

the equaliser on the same input port 304. As a result of 

the grating 300 the beam 301 is split into separate beams 

301a, 301b, 301c for each wavelength channel, each 

travelling in a different direction governed by the grating 

equation. The grating 300’is positioned in the input focal 

plane of a main routing lens 310 with a reflective SLM 320 

at the output focal plane of the routing lens 310. If 

desired, there may also be a field-flattening lens just in 

front of the SLM 320. 

2O 

25 

If lens 310 were an ideal lens, rays passing through 

the same point on the focal plane of the lens, regardless 

of direction provided they are incident on the lens, emerge 

mutually parallel from the lens. As lens 310 is not a real 

lens, this is no longer strictly true: however well-known 

lens design techniques can be applied to make it true over 

the required spatial window. 

3O 

Hence, the beams 301a, 301b, 301c that were incident 

upon the lens 310 from the same point on the focal plane, 

but at different angular orientations, emerge mutually 

parallel from the routing lens 310, but spatially separate. 

Thus, the lens refracts each beam to a different transverse 

position 320a, 320b, 320c on the SLM 320. At each position 
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the SLM 320 displays a pixellated hologram and/or has a 

tip-tilt device for processing the relevant wavelength 

component of the beam. In the preferred embodiment, the 

SLM 320 is a continuous pixel array of phase-modulating 

5 elements and is polarisation independent. The width of 

each hologram or tip/tilt device compared to the spot size 

of the incident beam incident is sufficient to avoid 

clipping effects. Instead, or additionally, beam shaping 

may be used. The device may be controlled to deflect or 

10 attenuate the beam as described earlier, and provides 

output processed beams 302a, 302b, 302c. Beams 302a and 

302b have moderate channel equalisation applied by a power 

control hologram and routing towards the output port 305 

applied by a routing hologram. As explained previously it 

is advantageous to use a routing hologram as it deflects 

thebeams from their specular output direction and hence 

increases the available depth of attenuation. Beam 302c 

has strong attenuation applied in order to ~block" the 

channe!: this is achieved by selecting holograms that 

20 direct the light well away from the output port 305 

towards, for example, an optical absorber 306. The 

processed beams are reflected back from the SLM 320 towards 

the main lens 310 and then refracted back by the main lens 

towards the diffraction grating 300. Assuming the SLM 320 

25 is flat, all beams subjected to the same deflection at the 

SLM 320 and entering the system in the same common input 

beam emerge mutually parallel from the diffraction grating. 

Curvature of the SLM 320 is compensated by small changes in 

the deflection angle achieved due to the holograms 

30 displayed on the SLM 320. As the light beams 302a, 302b 

emerge parallel from the SLM 320 they are refracted by the 

lens 310 to beams 303a, 303b propagating towards a common 
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point in the grating 300, which (having the same grating 

equation across the whole area of concern) diffracts the 

beams to provide a single output beam 302. Note that due 

to the action of the lens, beam 303a is parallel (but in 

5 the opposite direction) to beam 301a and beam 303b is 

parailel (but in the opposite direction) to beam 301b. 

Therefore all beams subjected to the same eventual output 

angle from the SLM 320 are collected into the same output 

port 305. Hence a system may be constructed with a single 

I0 input port 304 and a single output port 305 that produces 

independent attenuation or level equalisation for each 

wavelength channel. Note that to obtain the same 

deflection angle for all wavelength channels, as required, 

the effective length of the hologram phase ramp, ~/m, where 

15 m is the mode number of the excited diffraction order and ~ 

is the hologram period, should be adjusted in proportion to 

the channel wavelength. That is the wavelength dependence 

of the beam deflection should be suppressed. 

20 

25 

30 

AS described later the channel equalisation can be 

uniform across each channel so as to provide the required 

compensation as measured at the centre of each channel. 

Alternatively the channel equalisation can vary across each 

channel, so as to compensate for effects such as amplifier 

gain tilt that become important at higher bit rates such as 

40 Gb/s. Channels may be blocked as described earlier so 

as to apply policing to remote transmitters that renege on 

their access agreements or whose lasing wavelength has 

drifted too far. Furthermore the noise between selected 

channels may be partially or completely filtered out, as 

described later. Hence in a second application the 
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multiwavelength optical processor acts as a channel 

controller. 

O PCT/GB02/04011 

10 

15 

2O 

25 

30 

Although such processing can be applied using 

conventional optics the multiwavelength optical processor 

has a number of advantages. Compared to a series of 

reconfigurable optical filters the multiwavelength 

processor has the advantage that the channels are processed 

by independent blocks of-pixels. Hence reconfiguration of 

the processing applied to one or more selected channels 

does not cause transient effects on the other channels. 

Compared to a parallel optical architecture that separates 

the channels onto individual waveguides/fibres before 

delivery to a processing device (and hence avoids the 

transient effects) the multiwavelength optical processor 

has a number of advantages. Firstly it can process the 

whole spectrum entering the processor (subject to the 

grating spectral response). Secondly the filter passband 

width is reconfigurable and can be as much as the entire 

spectrum, reducing concatenation effects that occur when 

filtering apart sets of channels routed in the same 

direction. Thirdly the filter centre frequencies are 

reconfigurable. Further advantages are discussed later in 

this application. 

By having a choice of two or more deflection angles at 

the SLM every input channel may be routed independently to 

one of two or more output ports. There may also be two or 

more input ports. It may be shown that for one or more 

parallel input beams, the action of the grating and main 

routing lens is such that all channels at the same 

wavelength but from different input ports are incident at 
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the same transverse position at the SLM. Again this is 

because "parallel rays converge to the same point". Hence 

these channels at the same wavelength are incident on the 

same channel processing hologram and/or tip-tilt device. 

5 As every wavelength channel is incident on a different 

device, the device response may be optimised for that 

particular wavelength. For example if a pixellated SLM is 

used the deflection angle is proportional to the 

wavelength. Hence small adjustments in the phase ramp can 

i0 be used to adjust the deflection angle to suit the 

wavelength to be routed. All ~hannels incident on a 

particular transverse position on the SLM must be reflected 

from that same position. As this position is in the focal 

plane of the lens beams from said position will emerge 

15 parallel from the lens and travelling towards the grating. 

After the grating the beams will be diffracted (according 

to their wavelength). It may be shown that all beams 

entering the system in a parallel direction will emerge 

from the system in exactly the opposite direction. It may 

20 also be shown that all beams subject to the same output 

angle from the SLM will emerge coincident from the system 

and may therefore be collected into the same port. 

25 

3O 

Analysis of the beams at the diffraction grating in 

this architecture shows that the spot size required for a 

given wavelength channel separation and beam clipping 

factor C at the hologram depends on the grating dispersion 

but does not depend on the routing lens focal length nor 

the number of output ports. The beam centres must be far 

enough apart to provide adequate crosstalk suppression. 

Hence the greater the number of output beams the further 

the beam must be steered by the SLM and lens. As an example 
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consider just routing in I-D, into the m’th diffraction 

order with a hologram period ~ and a routing lens of focal 

length f. The output beam at the diffraction grating will 

be offset from its zero order reflection by a distance 

given approximately by f.m.E/~, where ~ is the optical 

wavelength and ~/m is the effective length of the phase 

ramp on the hologram (as explained previously). To 

increase this offset distance the length of the phase ramp 

can be reduced, which tends to require smaller pixels, or 

the lens focal length can be increased. In practice there 

is a lower limit to the pixel size set by the dead space 

losses and the size of the pixel drive circuits, while 

increasing the lens focal length makes the overall system 

longer. This can be a particular problem when there are 

many output ports, even when close-packing 2-D geometries 

are used for the output beams. 

20 

25 

3O 

Referring to Figure 14, another method is to put a 

demagnification stage between the SLM 400 and a routing 

lens 404. This is positioned so that the SLM 400 is in the 

object plane of the demagnification stage while the image 

plane of the demagnification stage 402 is where the SLM 

would otherwise be, that is in the focal plane of the 

routing lens 404. What appears in this image plane is a 

demagnified image of the SLM 400, which therefore acts like 

a virtual SLM 402 with pixels smaller than those of the 

real SLM 400 and hence a shorter effective phase ramp 

length. As an example consider the two lens confocal 

magnification stage shown in Figure 14. In Figure 14 fl is 

the focal length of the first lens 401 and f2 is the focal 

length of the second lens 403 (closer to the virtual SLM). 

TS0001005 



WO 03/021341 

-96- 

The demagnification -is f2/fl while the beam-steering 

deflect±on angle ±s magn±f±ed by fl/f2. 

~PCT/GB02/04011 

10 

15 

2O 

While this method for increasing the effective beam 

deflection angle has been described and illustrated in the 

context of one particular routing architecture it could 

also be applied to other optical architectures using SLMs 

to process an optical beam, for routing and other 

applications. The operating principle is that the virtual 

SLM 402 has an effective pixel size and hence an effective 

phase distribution that is smaller in spatial extent than 

that of the real SLM 400, by an amount equal to the 

demagnification ratio of the optics. The off-axis 

aberrations that occur in demagnification stages can be 

compensated using any of the methods described in this 

appiication or known to those skilled in the art. 

In an alternative embodiment the input beam or input 

beams contain bands of channels, each incident on their own 

device. In this and the previous embodiment for the 

channel equaliser the beam deflection or channel 

equalisation may vary discontinuously with wavelength. 

25 

3O 

In a third embodiment the input beam could contain one 

or more signals spread almost continuously across the 

wavelength range. The light at a particular wavelength 

will be incident over a small transverse region of the SLM, 

with, typically a Gaussian type spatial distribution of 

energy against position. The position of the peak in the 

spatial distribution is wavelength dependent and may be 

calculated from the grating and lens properties. For such 

a system the beam deflection or channel equalisation varies 

continuously with wavelength. The pixellated SLM is 
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divided into blocks, each characterised by a ’central 

wavelength’, defined by the wavelength whose spatial peak 

lands in the middle of the block. A particular channel 

equalisation or beam deflection is applied uniformly across 

this block. Light of a wavelength with a spatial peak 

landing in between the centres of two blocks will see a 

system response averaged across the two blocks. As the 

spatial peak moves towards the centre of one block the 

system response will become closer to that of the central 

wavelength for the block. Hence a continuous wavelength 

response is obtained. The block size is selected with 

respect to the spatial width of each beam in order to 

optimise the system response. This method is particularly 

attractive for increasing the wavelength range of a 1 to N 

switch. 

2O 

25 

30 

To achieve this aim the multi-wavelength architecture 

described earlier, should be configured so as to allow 

reconfigurable routing from a single input port to one of a 

set of multiple output ports. The length of the phase ramp 

used to route the beam to each output port should vary 

slowly across the SLM such that the wavelength variation in 

the deflection angle is minimised, or certainly reduced 

considerably compared to the case for which the phase ramp 

length is uniform across the SLM. Hence the transverse 

position of each output beam will vary considerably less 

with wavelength, with a consequent reduction in the 

wavelength dependence of the coupling efficiency at the 

system output. Alternatively, the length of the phase ramp 

can be varied spatially so as to obtain some desired 

wavelength dependence in the coupling efficiency. 
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The efficiency of a blazed diffraction grating is 

usually different for light polarised parallel or 

perpendicular to the grating fringes. In the multi- 

wavelength systems described above the effect of the 

5 quarter-wave plate inside the SLM is such that light 

initially polarised parallel to the grating fringes before 

the first reflection from the blazed grating is polarised 

perpendicular to the grating fringes on the second 

reflection from the blazed grating. Similarly the light 

initially polarised perpendicular to the grating fringes 

before the first reflection from the blazed grating is 

polarised parallel to the grating fringes on the second 

reflection from the blazed grating. Hence, in this 

architecture, the quarter-wave plate substantially removes 

15 the polarisation dependence of the double pass from the 

blazed grating, as well as that of the phase modulation. 

As is clear t6 those skilled in the art, this polarisation 
independence requires the fast and slow axes of the 

integrated quarter-wave plate to have a particular 

20 orientation with respect to the grating fringes. This 

required orientation is such that the integrated quarter- 

wave plate exchanges the polarisation components originally 

parallel and perpendicular to the grating fringes. 

25 

3O 

Referring to Figure 28 a wavelength routing and 

selection device 600 is shown. This device has a 

multiwavelength input 601 from an input port 611, and 

provides three outputs 602, 603, 604 at output ports 612- 

614. 

The device 600, similar to the device of figure 12, 

has a grating 620, a lens 621 and an SLM 622, with the 
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disposition of the devices being such that the grating 620 

and SLM 622 are in respective focal planes of the lens 621. 

Again the grating is shown as transmissive, although a 

reflective grating 620, such as a blazed grating, would be 

possible. Equally, the SLM 622 is shown as reflective and 

instead a transmissive SLM 622 could be used where 

appropriate. 

The grating 620 splits the incoming beam 601 to 

10 provide three single wavelength emergent beams 605, 606, 

607 each angularly offset by a different amount, and 

incident on the lens 621. The lens refracts the beams so 

that they emerge from the lens mutually parallel as beams 

615,616, 617. Each of the beams 615,616,617 is incident 

15 upon a respective group of pixels 623,624,625 on the SLM 

622. The groups of pixels display respective holograms 

which each provide a different deviation from the specular 

direction to provide reflected beams 635, 636 and 637. The 

beams 635, 636, 637 are incident upon the lens 621 and 

20 routed back to the grating 620. 

25 

In the embodiment shown, the beams 605 and 606 are 

finally routed together to output port 614 and the beam 607 

is routed to output port 612. No light is routed to port 

613. 

3O 

However it will be understood that by careful 

selection of the holograms, the light can be routed and 

combined as required. It would be possible to route light 

of a selected frequency right out of the system if needed 

so as to extinguish or ~block" that wavelength channel. It 

is also envisaged that holograms be provided which provide 
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only a reduced amount of light to a given output port, the 

remaining light being "grounded", and that holograms may be 

provided to multicast particular frequencies into two or 

more output ports. 

Although the number of output ports shown is three, 

additional output ports can be included: with appropriate 

lens design the insertion loss varies weakly with the 

number of output ports. Although the output ports are 

shown in the same plane as the input it will be clear to 

those skilled in the art that a 2-D distribution of output 

ports is possible. 

Hence the device 600 provides the functions of 

15 wavelength demultiplexlng, routing, multiplexing, channel 

equalisation and channel blocking in a single subsystem or 

module. These operations are carried out independently and 

in parallel on all channels. Reconfi~uration of one 

channel may be performed without significant long-term or 

20 transient effects on other channels, as occurs in serial 

filter architectures. With most conventional optics 

(including parallel architectures) separate modules would 

be required for demultiplexing, routing, multiplexing and 

the power control functions. This adds the overheads of 

25 fibre interconnection between each module, separate power 

supplies, and a yield that decreases with the number of 

modules. The device 600 has no internal fibre connections, 

and a single active element requiring power - the SLM. 

Each active processing operation (routing, power control, 

30 monitoring etc) requires an associated hologram pattern to 

be applied by the controller but may be carried out by the 

same SLM, hence the yield does not decrease with increased 
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functionality. Although integrated optical circuits can be 

made that combine different functions, in general they 

require a separate device inside the optical chip to 

perform each function. Again the power (dissipation) and 

the yield worsen with increased functionality. 

Further applications of the multiwavelength optical 

processor are as an optical performance monitor, and as a 

programmable m~itifunction optical test set. In both 

10 applications the SLM may perform two or more different but 

concurrent monitoring or testing functions on two or more 

portions of the wavelength spectrum. This may be achieved 

by applying routing holograms to the pixel block associated 

with said portions of the wavelength spectrum that connect 

15 optically a selected input fibre or input optical source to 

a selected output fibre or output detector. The routing 

hologram applied to each portion of the spectrum may be 

reconfigured as required in order to perform different 

testing or monitoring functions on said portion of the 

20 spectrum. To each output photo detector or to each input 

optical source is applied control circuitry for carrying 

out the required tests. 

25 

3O 

Considering firstly the performance monitor, the 

method described later to measure the centre wavelength of 

a channel may be applied to a selected channel in order to 

monitor the lasing wavelength. Earlier in this application 

there is a description of how to measure the second order 

moments of a beam. Consider orthogonal axes u and v at the 

SLM. Choose the orientation of these axes such that all 

wavelength channels entering the system and incident on the 

grating in the defined parallel direction have the centres 
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of their associated beams along a line of constant v. 

Hence the position along the u axis increases with 

wavelength. The second order moment in the v direction is 

related to the spot size of a monochromatic beam. The 

5 second order moment in the u direction is related to this 

spot size and also the wavelength distribution of the 

energy in each channel. Hence by measuring second order 

moments, as described previously, an estimate of the 

channel bandwidth may be obtained. The noise power between 

I0 a selected pair of channels may be measured by routing that 

part of the spectrum between the channels towards a photo 

detector. Similarly the power of a selected channel may be 

measured by routing towards a photo detector. One or more 

photo detectors may be assigned to each type of measurement 

15 allowing many parallel tests to proceed independently on 

different portions of the spectrum. Alternatively the 

control circuitry associated with each photo detector 

output may be designed to be able to perform two or more of 

the required monitor functions. 

2O 

25 

3O 

Hence the multiwavelength optical processor acts as an 

optical spectrum analyser with integrated parallel data 

processing. Conventional methods for achieving this use 

either a grating that is rotated mechanically to measure 

different portions of the spectrum with a photo detector in 

a fixed position, or a fixed grating with a linear 

photodiode array. In both cases data acquisition hardware 

and software and data processing are used to extract the 

required information from the measured spectrum. Both 

systems are expensive and require stabilisation against the 

effects of thermal expansion. The multiwavelength optical 

processor has no moving parts, can use as few as a single 
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photodiode, and can adapt the holograms to compensate for 

temperature changes, ageing, aberrations as described 

previously in this application. The multiwavelength 

processor also carries out the data processing to measure 

5 centre wavelength and channel bandwidth in the optical 

domain. When used in a communications network the optical 

performance monitor would pass the processed data from the 

measurements to a channel controller, such as the one 

described previously, and also to a network management 

i0 system. The signal for monitoring would be tapped out from 

a monitor port at the channel controller or from a routing 

system or from elsewhere in the network. The monitor 

processing could be implemented with the same or a 

different SLM to the channel controller. Monitor 

processing can also be implemented with the same or 

different SLMs used to route beams in the add drop routers 

and routing modules describe~ later in this application. 

The control electronics for the monitor processing can be 

integrated with the control electronics for the pixel 

20 array. 

With reference to figure 30, the programmable 

multifunction optical test set 900 has a multiwaveleng~h 

optical processor 928 with one or more inputs 901, 902 from 

25 optical sources, 903, 904 each with control circuitry 905, 

906 for performing one or more tests of optical 

performance. The channel equalisation and blocking 

functions described earlier may be used to adapt the 

spectrum of the selected source to suit a particular test. 

30 The channel filtering functions described later may be used 

to synthesise a comb or some other complex wavelength 

spect[um from a selected broadband optical source. A 
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further input 907 from an optical source 910 may be used to 

exchange data and control information from control and 

communications software 929 with the same 900 or one or 

more other optical test sets, allowing remote operation 

5 over the fibre under test, or some other fibre. One or 

moreoutputs ports 911, 912 from the multiwavelength 

optical processor are connected to a set of optical fibre 

transmission systems (or other devices) 913, 914 to be 

tested. Routing holograms are applied to the pixels 

I0 associated with the selected parts of the spectrum to 

direct said parts of the spectrum or said data and control 

information to the selected output port. A further or the 

sam~ multiwavelength optical processor has input ports 917, 

918 connected to the set of optical fibre transmission 

15 systems (or other devices) 915, 916 under test and output 

ports 919, 920 connected to a set of one or more photo 

detectors, 921, 922 each with associated control circuitry 

925~ 926 for carrying out testing functions. A further 

photo detector 924 connected to a further output port 923 

20 is used to receive data and control information from. one or 

more other test sets. Routing holograms are applied to 

direct the signals from the selected input port to the 

required photo detector. The optical monitor functions 

described above can be applied to the signals. The 

25 frequency shaping of the source or spectrum can take place. 

at the transmitting test set or the receiving test set. 

The control electronics for the test set 927 and control 

and communications software 929 can be integrated with the 

control electronics for the pixel array. 

3O 

Conventionally, different optical sources would be 

used to perform different types of test on the wavelength 
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and transmission properties of fibres or devices under 

testy a separate optical switch would be used to poll the 

devices under test, and an external communications link 

would be used for communication of data and control 

information with a remote test set. However, the 

multiwavelength optical processor may be used to provide a 

multifunction programmable optical test set that is capable 

of remote operation. The test set may include as few as a 

single source and a single photo detector and performs a 

wide range of tests on fibres or devices selected from a 

group of fibres or devices attached to the test ports of 

the multiwavelength processor. 

A multiwavelength system with two inputs and two 

15 outputs can work as an add/drop multiplexer. Add-drop 

multiplex~rs are usually used in ring topologies, with the 

’main’ traffic travelling between the ring nodes, and 

’local’ traffic being added and dropped at each node. 

Considering each node, one input (main in) is for the 

20 ensemble of channels that has travelled from the ’previous’ 

routing node. The second input (add) is for the ensemble 

of channels to be added into the ring network at the 

add/drop node. One output (main out) is for the ensemble 

of channels travelling to the ’next’ routing node while the 

25 second output (drop) is for the ensemble of channels to be 

dropped out of the ring network at the node. If a 

particular incoming wavelength channel is not to be 

’dropped’ at the node, then the channel-dedicated device at 

the SLM should be configured to route the incoming 

30 wavelength from the main input to the main output. 

However, if a particular incoming wavelength channel is to 

be dropped, then the channel-dedicated device at the SLM 
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should be configured to route the incoming wavelength from 

the main input to the drop output. In this case the main 

output now has available capacity for an added channel at 

that same wavelength. Therefore the channel-dedicated 

device at the SLM should also be configured to route the 

incoming wavelength from the add input to the main output. 

The multiwavelength optical processor described in 

this application distributes wavelength channels across and 

collects the wavelength channels from a single SLM, 

allowing the SLM to provide a set of one or more processing 

operations to each of the channels. However, in most 

conventional reconfigurable add drop multiplexers, the 

routing has to be carried out in two successive stages. 

15 Usually a first Ix2 switching stage either drops the 

channel or routes the channel through, while a second 2xl 

switching’ stage either receives the through channel from 

the first stage or receives an added channel. Fortunately, 

careful choice of the deflection angles applied by the SLM, 

20 and the sharing of the same hologram by input signals at 

the same wavelength, allows add drop routing to be carried 

out in a single stage. Hence add drop routing may be 

conveniently applied in an independent and reconfigurable 

manner to every wavelength channel in the multiwavelength 

25 optical processor. 

An explanatory diagram is shown in Figure 13a. 

3O 

Referring now to Figure 13a, an SLM 141, used in the 

context of the multi-wavelength architecture, has a pixel 

block 140 and/or tip-tilt device upon which a main input 

beam 130 is incident, at an angle ml to the normal 142. 
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The main beam has a zero order or specular reflection 130a. 

Holograms are made available that will cause deflections at 

+81 to the specular direction and -82 to the specular 

direction. Due to the display of a first hologram on the 

pixel block 140, the main output is deflected by +81 from 

the specular direction to a main output beam 132. An add 

input 131 is incident at an angle al on the block 140, and 

produces a zero order reflection 131a. The device also has 

a drop output beam direction 133. 

When the hologram applying the deflection of +81 is 

displayed, light at the relevant wavelength entering in the 

add direction 131 is not steered into either of the main 

output beam direction 132 or the drop output beam direction 

133. Effectively it is ’grounded’    This feature may be 

used to help to stop crosstalk passing between and around 

rings. 

2O 

When the hologram applying the alternative deflection 

of -02 is applied, the add input is routed to the main 

output beam direction 132 while the main input is routed to 

the drop output beam direction 133. 

25 

3O 

In the interests of clarity, a simplified diagram may 

be used to explain an add-drop using I-D routing. This is 

shown in figure 13b in which the point 134 represents the 

output position of the specular reflection from the add 

input while the point 135 represents the output position of 

the specular reflection from the main input. When a first 

routing hologram is applied the main output beam is 

deflected by an angle of +Sz and therefore the output 

position of the main beam is deflected by an offset of f.Sz, 
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compared to the output position 135 of its specular 

reflection. Here f is the focal length of the routing 

lens. In figure 13b this deflection is represented as a 

vector 136a and the output beam is routed to the main 

output 137. The beam from the add input is subject to the 

same angular deflection with respect to its specular 

reflection and is thus deflected by a vector of equal 

length and the same direction 136b with no output port to 

receive it this beam is "grounded". When a second routing 

hologram is applied the main output beam is deflected in 

the opposite direction by a vector 138a to arrive at a drop 

output 139. The beam from the add input is deflected by an 

identical vector 138b to arrive at the main output 137. 

15 The example in Figure 13a assumes I-D ro~ting due to 

the hologram. Given an ability to route in 2-D, either 

with two orthogonal tip-tilt electrodes or a ~-D pixel 

array (as described previously) the arrangement of the four 

ports can be generalised, as shown in Figure 15. The use 

20 of 2-D routing allows closer packing of the input,and 

output beams reducing off-axis aberrations. In Figure 15 

the output positions are shown in 2-D. The point 151 

represents the output position of the zero order (specular) 

reflection from the add input while the point 152 

25 represents the output position of the zero-order reflection 

from the main input. The hologram deflections are 

represented as vectors 155a, 155b, 156a and 156b. Vector 

155b has the same length and direction as vector 155a and 

vector 156b has the same length and direction as vector 

30 156a. When a first routing hologram is applied the add 

input beam is deflected from its specular output position 

151 by the vector 155b to the main output 154 while the 

TSO001018 



WO 031021341 OPCT/GB02/04011 

- 109- 

main input is deflected from its specular output position 

152 by the identical vector 155a to the drop output 153. 

When the alternate routing hologram is applied the main 

input is deflected from its specular output position 152 by 

the vector 156a to the main output 154 while the add input 

is again ’grounded’ due to deflection by the identical 

vector 156b. 

I0 

15 

2O 

25 

30 

In this general configuration there are six variables. 

These are the output positions of the main output and drop 

output, the positions of the zero order reflections from 

the main input and add input, and the two hologram 

deflections. Of these six variables only three are 

mutually independent. 

For example, selection of the input position for the 

main input with respect to the routing lens axis defines 

the output position of the zero order reflection, 152. If 

this is followed by selection of the output positions for 

the main and drop outputs with respect to the routing lens 

axis then all three independent variables have been 

defined. Hence the required hologram deflections are 

determined as is the input position for the add input with 

respect to the routing lens axis (which then defines 151). 

Figures 13a, 13b and 15 show the hologram deflections 

required to provide add-drop routing: figures 13a and 13b 

assume I-D routing while figure 15 assumes 2-D routing. A 

multiwavelength add-drop architecture using such hologram 

deflections is shown in figure 29. Compared to other 

methods for achieving add-drop functionality, the 

advantages are as described previously for figure 28. 
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Turning now to Figure 29, an add/drop multiplexer 

device 700 has two input ports 701, 702 and two output 

ports 703,704. The first input port 701 is for an input 

5 beam 711 termed "add" and the second input port 702 is for 

a second input beam 712 termed ’imain in" having two 

frequencies in this embodiment. The first output port 703 

is for a first output beam 713 termed ,,drop" and the second 

output port 704 is for a second output beam 714 termed 

I0 "main out" 

15 

2O 

25 

3O 

The input beams 711, 712 are incident upon a grating 

720 that deflects the beams according to wavelength to 

provide emergent beams 731, 732 and 733. The emergent 

beams 731, 732 and 733 are incident upon a lens 722 having 

its focal plane at the grating 720, and the beams emerge 

from t~e lens respectively as beams 741, 742, and 743 to be 

incident upon an SLM 722 in the other focal plane of the 

lens 721. As the beams 741, 742 do not originate on the 

grating 720 from the same location, they are not mutually 

parallel when emerging from the lens 721. The beam 743 is 

from a point on the grating 720 common to the origin on the 

grating 720 of beam742, and hence these beams are mutually 

parallel. Although the grating is drawn as transmissive 

and the SLM as reflective, these types are arbitrary. 

The first beam 731 and the third beam 733 are at the 

same wavelength, hence they emerge parallel from the 

grating 720 and are refracted by the lens 721 propagating 

as beams 741 and 743 respectively to a first group or block 

of pixels 723 on the SLM 722. This pixel block 723 applies 

the required hologram pattern that routes a channel 
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entering the add port 701 to the main output 704, and also 

routes a channel entering the main input 702 to the drop 

port 703. Hence the first group of pixels 723 deflects the 

first beam 741 to provide first reflected beam 751, and 

deflects the third beam 743 to provide third reflected beam 

753. 

The second beam 732 is at a different wavelength to 

the first and third beams 731 and 733 and therefore emerges 

I0 at a different angle from the grating 720. This third beam 

is refracted by the lens 721 and propagates as beam 742 to 

a second group of pixels or pixel block 724 on the SLM 722. 

This second group of pixels applies the hologram pattern 

that routes a channel entering the main input port 702 to 

the main output port 704 and "grounds" a channel entering 

the add port 701. The second group of pixels 724 deflects 

the second beam 742 to p~ovide the second reflected beam 

752. The holograms on the first and second groups of 

pixels are selected, (examples were described for figures 

20 13a, 13b and 15), so that the first and second reflected 

beams 751,752 are mutually parallel; the third beam 753 is 

routed in a different direction. The consequence of this 

is that the first and second beams 751,752, after passing 

again through the lens 721 become :incident at a common 

25 point 726 on the grating 720, and emerge as main out beam 

714. The third beam 753 is incident upon a different point 

on the grating 720 and emerges into as the drop beam 713. 

3O 

In most cases ring networks are bi-directional, with 

separate add/drop nodes for each direction of travel. In 

some networks a loopback function is required. This allows 

isolation of one segment of the ring in case of link 
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failure, for example. It also allows the transmission 

systems for both directions of a link between two nodes to 

be tested from a single node. This latter function is 

useful to confirm that a failed link has been repaired. 

Loop back requires the main input on each add/drop node to 

be routed to the main output on the other add/drop node, as 

shown in Figure 16. 

I0 

15 

The figure shows a first module 161a and a second 

module 161b. The first module 161a has a main input 162a, 

an add input 166a, a loop back input 165a, a main output 

163a, a drop output 167a and a loop back output 164a. The 

second module 161b has a main input 162b, an add input 

166b, a loop back input 165b, a main output 163b, a drop 

output 167b and a loop back output 164b. 

2O 

25 

3O 

The node is divided into two sides: a west side 168 

and an east side 169. Loop back may be required for one or 

for both sides of the node. Channels coming from the ring 

enter the first module 161a on a main input 162a and enter 

the second module 161b on a main input 162b. In normal 

operation through channels will be routed from the main 

input 162a to the main output 163a and from the main input 

162b to the main output 163b. 

In loop back operation for the west side 168 the 

through channels entering the input 162a on the first 

module 161a are routed to the loop back output 164a. This 

output 164a is connected to the loop back input 165b of the 

second module 161b. In loop back operation for the west 

side all channels entering the input 165b are routed to the 

main output 163b of the second module 161b. 
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In loop back operation for the east side 169 the 

through channels entering the second module 161b on the 

main input 162b are routed to the loop back output 164b. 

This output 164b is connected to the loop back input 165a 

of the first module 161a. In loop back operation for the 

east side 169 all channels entering the input 165a are 

routed to the main output 163a of the first module 161a. 

I0 

15 

2O 

25 

30 

The function can be implemented in the four port add 

drop node (explained in figures 13, 13a, 15 and 29) by 

selecting a further hologram deflection 179a and 179b, as 

shown in Figure 17. In the four port architecture both 

sides of the node loop back at the same time. This is due 

to the sharing of the same hologram by input signals at the 

same wavelength. In figure 17 the vector 179a deflects .the 

main input from its specular output position 172 to the 

loop back output 176. The identical vector 179b is applied 

by the shared hologram to the loop back input such that it 

is deflected from its specular output position 173 by the 

identical vector 179b to the main output 175. The other 

vectors 177a, 177b, 178a and 178b are used for normal add- 

drop operation: 174 is the drop output and 171 is the 

specular output position for the add input. 

When such a.hologram is applied the main input is 

routed to the loopback output and the loop back input is 

routed to the main output. The two add/drop nodes are then 

connected as in Figure 16. 

The loop back function can be implemented in other add 

drop architectures (described later) by reserving drop 
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ports for loop back out and add ports for loop back in. In 

these other architectures the loop back may be applied to 

just one side of the node, as well as to both sides. 

The method used to provide loop back ports may also be 

applied to the multiport add d;op (figure 18). This method 

may be used to provide cross connection ports to exchange 

channels between adjacent add drop nodes. 

10 

15 

It is also possible to devise holograms for multicast, 

i.e. forwarding an incident light beam to each of several 

outputs. Such a hologram can be applied to route the main 

input to two outputs, with vectors 177a and 178a (in figure 

17). In this case the device is performing a drop and 

continue function. This is required to provide a 

duplicated path at nodes connecting two touching ring 

netwbrks. 

2O 

25 

30 

Alternatively, or additionally, additional inputs and 

outputs can be provided so as to have a separate input for 

each added channel and a separateoutput for each dropped 

channel. This saves the expense and space taken up by 

additional filtering and/or wavelength multiplexing 

components that would otherwise be used to combine all 

added channels onto a common add port, and to separate all 

dropped channels to individual receivers. An example 

layout is shown in Figure 18. In such an implementation 

care must be taken that sufficient distance is provided 

between the zero order reflections from each input, and the 

output positions for each output, so as to control the 

crosstalk. In Figure 18 deflection v2 is used to deflect 

channels entering the main input from the specular output 

position m0 to the main output position m2. Deflections v4 
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to v7 are used to route from the four add inputs (with 

specular output positions al, a2, a3 and a4) to the main 

output m2. Identical deflections v4 to v7 are applied by 

the shared holograms to deflect the main input from its 

specular output position m0 to the four drop outputs dl to 

d4. For example if wavelength channels ~5 and ~7 enter on 

add input 2 which has its zero order (specular) reflection 

at a2, the holograms associated with these wavelength 

channels are configured to produce deflection v5. Hence 

these two channels will exit from the main output m2. Any 

channels entering the main input on these two wavelengths 

will experience the same hologram deflection, and will then 

exit from output d2. 

15 

20 

25 

In one implementation of the multiwavelength 

architecture the optics between any input fibre and the 

corresponding input beam that arrives at the diffraction 

grating, is such that the beam spot that arrives at the SLM 

is an image of the beam spot that leaves the input fibre. 

Similarly the optics between any output beam and the 

corresponding output fibre is such that the beam spot that 

arrives at the output fibre is an image of the beam spot 

that leaves the SLM. An example embodiment that would 

achieve this behaviour is to have an :individual collimating 

lens associated with and aligned to every optical fibre. 

3O 

Referring to Figure 27, it is assumed that two 

adjacent channels are being routed in a different direction 

to the chann~l under consideration. Thus the beam under 

consideration has a first hologram 500, and the two 

adjacent beams have contiguous holograms 501 and 502 

respectively. The beam under consideration has an 

TS0001025 



I0 

15 

20 

25 

WO 031021341 OPCT/GB02/04011 

-II~ 

intensity distribution shown as 510. Hence the energy 

incident from the beam under consideration on the two 

adjacent holograms, shown as 511 and 512, is lost. Given a 

perfect optical system what arrives at the selected output 

fibre is a dema~nified image of the truncated beam. Due to 

the way that the optical system works, the centre line of 

the beam incident at the output fibre will be lined up with 

the centre of the output fibre (indeed the beam deflection 

angle at the SLM should be adjusted so this is the case). 

To each wavelength channel there is assigned a block 

of pixels applying the same routing hologram. Preferably 

this block of pixels should be chosen such that an input 

light beam exactly at the centre wavelength for the channel 

arrives at the SLM such that the centre of the beam is 

within a half pi~el’s width of the centre of the assigned 

pixel block. In the presence of thermal’expansion of the 

optomechanical assembly the centre of said beam may arrive 

at a different point on the pixel block resulting in 

partial loss of signal as more of the beam tails are lost. 

This problem can be avoided either by expensive thermally 

stable optomechanics or by dynamic reassignment of pixels 

to the blocks associated with each channel. For this to be 

achievable the pixel array should be continuous. This 

continuity of the pixel array is advantageous for thermal 

stability whether or not the imaging criterion used to 

calculate the filter response is satisfied. 

30 

The way that the architecture behaves is that for all 

parallel beams incident on the grating, the position at 

which the beam at a particular wavelength reaches the SLM 

is independent of the input port. Hence a reference signal 
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of known wavelength will be incident at the same particular 

point on the SLM, whether it comes in with any of the 

signals to be routed, or on a separate input. The method 

to measure the position of the beam centre can be used on 

one or a pair of such reference signals. Given this 

information, an interpolation method can be used to measure 

the wavelength of some other signal entering the system on 

one of its input ports, given the measurement of the 

position of the centre of the beam associated with said 

other signal. This information can be used to monitor the 

behaviour of the original transmitter lasers, and also to 

inform the controller for the routing system. 

15 

2O 

25 

Furthexmore, given the position of said reference 

beams as they reach the SLM, and also the centre 

wavelength(s) of (an)other signal(s) entering the system, 

the position of the beam(s) at said centre wavelength(s) 

upon the SLM may also be calculated. This information can 

be used to control the adjustment of the pixel blocks 

and/or holograms used to route and control said other 

signal(s). Conversely the position of said reference beams 

may be used to select a pixel block that provides a given 

required centre wavelength for a filter. Hence 

reconfigurable assignment of pixel blocks may be used to 

tune the centre wavelength of one or more filter pass 

bands. 

30 

For the purpose of calculating the wavelength 

filtering response it is assumed that the centre of the 

beam at the centre wavelength of the channel (shown as 500 

in figure 27) arrives exactly at the centre of the 

associated pixel block. With reference to figure 31, as 
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the wavelength is increased above the centre wavelength of 

the channel the centre line 946 of the beam 940 lands at a 

distance 941 away from the centre 945 of the pixel block or 

hologram 942. As a result of the offset 941 due to 

wavelength difference, the beam loses more energy 943 to 

the adjacent hologram 944. Assuming perfect imaging, what 

arrives at the output fibre is a demagnified image of this 

truncated beam. 

I0 

15 

20 

25 

30 

An important difference for the multi-wavelength 

architecture, compared to conventional wavelength 

demultiplexers, is that a wavelength difference from the 

centre of a wavelength channel does not (to first order) 

result in an offset error of the beam at the output. This 

is because of the way the second pass from the grating 

’undoes’ the dispersion of the (fixed) diffraction grating, 

as" was shown, for example, in figure 12. Hence the 

original centre line of the truncated beam should be 

aligned with the peak of the fundamental mode in the output 

fibre, or, equivalently, aligned with the optical axis of 

the output fibre. Standard methods for the calculation of 

coupling efficiency into single-mode fibres have been used 

to calculate the filter characteristics. Example results 

are in Figures 19 and 20. 

Figure 19 shows the relative transmission Tlo for in- 

band wavelengths as a function of the ratio of the 

wavelength offset u to centre of the wavelength channel 

separation. Each curve in the Figure is for a different 

value of the hologram clipping factor (CR) in the range 2 

to .4: this factor is defined as the ratio of the hologram 

width to the beam spot size at the hologram. 
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10 

Figure 20 shows the relative transmission Thi inside 

the adjacent channel, with u=l at the centre of the 

adjacent channel while u-0.5 is at the boundary with the 

adjacent channel. Again, each curve in the Figure is for a 

different value of the hologram clipping factor (CR) in the 

range 2 to 4. Figures 19 and 20 also show that a change in 

the width of the pixel block assigned to the filter 

passband (that is a change in CR) will change the passband 

width and extinction rate at the edges of the passband. 

Hence reconfigurable assignment of pixel blocks may be used 

to tune the shape and width of the filter pass bands. 

15 

2O 

Independently of the clipping factor, the suppression 

at the edges of the wavelength channel is 6 dB and the full 

width half maximum (FWHI4) filter bandwidth is approximately 

80% of the channel separation. Comparison of the different 

curves in Figure 19 shows that the flatter the filter 

passband the steeper the skirts at the edges, leading to 

greater extinction of the adjacent channel, as shown in 

Figure 20. 

25 

3O 

This behaviour is advantageous as it avoids the usual 

tradeoff between adjacent channel extinction and centre 

flatness. Good centre flatness means that the filters 

concatenate better, so more routing nodes using such 

filters can be traversed by a signal before the signal 

spectrum and hence fidelity starts to deteriorate. Good 

adjacent channel extinction is also important as it 

prevents excessive accumulation of crosstalk corrupting the 

signal. 
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For example, in a known conventional wavelength 

demultiplexer the filter pass bands are Gaussian and the 1 

dB and 3 dB filter bandwidths are inversely proportional to 

the square root of the adjacent channel extinction (in dB), 

such that the greater the extinction, the narrower the 

filter passband. For the same FWHM filter bandwidth of 80 % 

a Gaussian filter would have an adjacent channel extinction 

weaker than 20 dB, leading to crosstalk problems. However 

for the SLM multi-wavelength architecture the adjacent 

channel extinction is better than 30 dB, avoiding such 

problems in most known networks. 

15 

2O 

25 

30 

As is well-known to those skilled in the art, an 

arbitrary beam incident on an optical fibre couples 

partially into the fundamental mode of the fibre with the 

rest of the beam energy coupling into a superposition of 

the higher order modes of the fibre. The higher order 

modes may be stripped out with a fibre mode stripper. The 

coupling efficiency into the fundamental mode is given by 

the modulus squared of the ratio of an overlap integral 

divided by a normalisation integral. The overlap integrand 

is the product of the incident field and the fundamental 

mode. The normalisation integrand is the product of the 

fundamental mode with itself. 

Figures 33 and 34 are included with the aim of 

explaining the behaviour of the ’imaging filter’ as 

described above. Figure 32 shows the truncated incident 

beam profiles 960-964 as the wavelength is increased from 

the centre of the channel under consideration, 960, to the 

centre of the adjacent channel, 964. Truncated beams 961, 

962 and 963 are for wavelength differences of a quarter, a 
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half and three-quarters, respectively, of the channel 

separation. In the diagram the truncated beam profiles are 

offset vertically for clarity. The beam profiles are 

aligned horizontally as they would be physically at the 

5 output fibre; the original centre of each truncated beam is 

aligned with the centre of the fibre fundamental mode. 

This is because, as explained above, a wavelength 

difference from the centre of a wavelength channel does not 

(to first order) result in an offset error at the output. 

I0 Beam 965 is the fundamental mode of the fibre. Figure 33 

shows the overlap integrands 970-974 of the truncated 

incident beams with the fundamental mode of the fibre, as 

the wavel~ngth is increased from the centre of the channel 

under consideration, 970, to the centre of the adjacent 

15 channel, 974. The normalisation integrand, 975, is also 

shown. The results in the figures show that the overlap 

integrand 974 has almost vanished explaining why the 

adjacent channel extinction is very strong. Overlap 

integrands 971 and 972 are for wavelength differences of a 

20 quarter and a half, respectively, of the channel 

separation. These results explain why the overlap 

integrand decreases slowly with wavelength difference in 

this range leading to a flat passband centre. In 

particular for the halfway case, 972, the overlap integral 

25 is exactly half of the normalisation integral (from 

integrating 975). Hence the amplitude transmission 

coefficient at this wavelength difference is a half with a 

power extinction of 6 dB, as was shown in figure 19. 

Therefore two factors are responsible for the excellent 

30 filter characteristics. The first factor is that the field 

incident on the fibre is an image of the field reflected 

from the SLM. The second factor is that the second pass 
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from the grating undoes the dispersion applied by the first 

pass from the grating, such that whatever the wavelength 

offset inside the collected channel, (to first order), the 

peak of the reflected truncated beam is aligned with the 

peak of the fundamental mode of the fibre. 

10 

15 

2O 

25 

By way of comparison, Figures 34 and 35 illustrate the 

filtering process for a conventional wavelength 

demultiplexer. In Figure 34 the centre of a first beam 984 

is aligned with the optical axis 980 of the centre of a 

first optical fibre or optical waveguide 981. Hence the 

first beam 984 is at the centre wavelength of the channel 

collected by the first optical fibre 981. A second optical 

fibre 983, adjacent to the first fibre 981, has an optical 

axis 982. A second beam 988 is aligned with the optical 

axis 982 of this second optical fibre. Hence the second 

beam is at the centre wavelength of the channel collected 

by the second optical fibre, that is at the centre of the 

adjacent optical channel to that collected by the first 

fibre. Beams 985 to 987 are at wavelength differences from 

the first beam 984 of a quarter, a half, and three- 

quarters, respectively, of the wavelength separation 

between the two adjacent channels. The coupling efficiency 

of each of the beams 985 to 988 into the first optical 

fibre 981 again depends on the overlap integral of the 

respective beam with the fundamental mode of the fibre 981. 

This is mathematically identical to the overlap integral of 

the respective beam with the first beam 984. 

3O Figure 35 shows the overlap integrands 994 to 998 

plotted against a vertical axis 990. The spatial width and 

shape of each curve is identical, as may be shown 
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analytically. Hence the overlap integrand is proportional 

to the amplitude of the curve, as may be read from the axis 

990. Cdrve 994 is the overlap integrand at the centre of 

the channel, and is the product of the distribution 984 of 

figure 34 with itself. This curve has an amplitude of 1.0 

and hence maximal coupling efficiency. Curves 995 to 997 

are the overlap integrands at wavelength differences from 

the channel centre of a quarter, a half, and three- 

quarters, respectively, of the wavelength separation 

between the two adjacent channels. Curve 998 is the 

overlap integrand at the centre of the adjacent wavelength 

channel. The coupling efficiency is given by the square of 

the amplitude of the overlap integrand. The results in 

figure 35 show that the coupling efficiency for the 

conventional wavelength demultiplexer decreases more 

quickly around the centre of the filter passband than for 

the ’imaging’ filter discussed in this application. The 

results also show that the adjacent channel extinction is 

weaker for the conventional demultiplexer. 

Figures 34 and 35 also explain why there is a 

performance tradeoff for the conventional multiplexer 

between filter passband flatness and adjacent channel 

extinction: to increase the width of the filter passband 

the beams 985-986 must be incident closer to the first 

optical fibre 981. Necessarily the beams 987-988 will also 

be closer to the first optical fibre, reducing the 

extinction of the adjacent channel, and requiring the 

second optical fibre 983 to be moved closer to the first 

fibre 981. 
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Figures 32 and 33 explain why the imaging filter 

behaves in a different way, such that a broader filter 

passband is associated with a greater extinction of the 

adjacent channel. Beam 960 in figure 32 shows the 

5 truncated reflected beam at the centre of the filter 

passband. The first and second amplitude discontinuities 

966a, 966b are due to the two edges of the hologram. An 

increase in the hologram width relative to the spot size 

moves these two discontinuities outwards. The significant 

I0 amplitude discontinuity in the middle beam 962 is exactly 

at the centre of said beam, whatever the hologram width. 

This is because said middle beam is associated with a 

wavelength halfway between the centres of adjacent 

channels. Hence the coupling efficiency for this halfway 

point is 6 dB, independently of the hologram width. The 

significant amplitude discontinuity in the quarterway beam, 

961, is exactly halfway between the’first amplitude 

discontinuity, 966a of the centre beam 960 and the 

significant amplitude discontinuity in the halfway beam, 

20 962. As the first discontinuity 966a moves outwards due to 

an increased hologram width (in the direction of arrow 967) 

the significant discontinuity in the quarterway beam must 

move in the same direction, increasing the overlap integral 

and improving the filter passband centre flatness. 

25 Similarly as the second discontinuity 966b moves outwards 

(in the direction of arrow 968) the significant 

discontinuities in the three-quarter way beam 963 and 

adjacent beam 964 must move in the direction of arrow 968, 

decreasing the overlap integral and improving the adjacent 

30 channel extinction. This explanation reinforces the 

argument that the two factors described above (imaging and 

the second ~’undoing’ pass from the grating) are responsible 
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for the excellent filter characteristics. This explanation 

also explains how the selection of the width of the block 

of pixels assigned to a channel may control the filter 

passband characteristics. 

Analytically it can be shown that the filter response 

for dropping or adding an isolated channel is purely real. 

Hence there are no phase distortions with this type of 

dropping filter. This is advantageous because in many 

’flat-top’ filters the phase distortions associated with 

the steep skirts may distort the pulses, particularly in 

higher bit-rate transmission systems for which the signal 

bandwidth is broader. 

15 In these calculations it was assumed that the blocks 

of pixels assigned to each wavelength channel are 

contiguous. That is there are no ’guard bands’ of pixels 

between each block. Further analysis showed that 

introducing such guard bands has the effect of decreasing 

20 the channel bandwidth for a given channel separation. 

Hence, preferably the pixel blocks assigned to each 

wavelength channel should be contiguous. Alternatively 

guard bands can be used to route in a third direction to 

deliberately narrow a channel bandwidth, if required. 

25 

3O 

While the above discussion is for the case of an 

isolated channel, in which both adjacent channels are 

routed in a different direction to the channel under 

consideration, there are also filtering effects that can 

occur when one or both adjacent channels are routed in the 

same direction. These effects are caused by ’stitching 

errors’ at the adjacent edges of a pair of holograms 
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routing in the same direction. For example a stitching 

error of pi causes (in theory) complete extinction of a 

light beam at a wavelength exactly halfway between the 

centres of two adjacent channels, while for an absence of 

stitching error at either side of a hologram, the 

transmission is uniform right across the entire channel. 

Intermediate stitching errors cause intermediate 

extinction. This acts as an additional programmable 

filtering mechanism and can be used to advantage to 

partially or completely filter out amplifier noise between 

selected channels, if required. Alternatively when 

maximally flat passbands are required the stitching error 

should be minimised. 

15 

2O 

25 

3O 

As described previously, all channels entering the 

architecture at the same wavelength are incident on the 

same hologram. This is because the input beams are 

arranged to be parallel as they arrive at the diffraction 

grating, such that all channels at the same wavelength 

emerge parallel from the diffraction grating. As the 

diffraction grating is at the focal plane of the lens the 

beams therefore converge towards the same point in the 

other focal plane of the routing lens (or equivalent 

mirror), at which point the SLM is placed. 

Hence for the four port and multiport add/drop devices 

the channels entering on the main beam (from the main input 

fibre) share a hologram with those channels at the same 

wavelength entering on an add port. When configured with 

one particular routing hologram the channel entering the 

main input is routed to the (selected) drop port while the 

channel entering the add port is routed to the main output. 

Therefore any channel equalisation applied to an added 
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channel will also be unavoidably applied to the dropped 

channel. Hence it is not possible to carry out independent 

channel equalisation on added and dropped channels. 

5 

I0 

This problem does not occur, however, for the devices 

with a single input and/or with a single output. This is 

because in these devices there is no sharing of individua! 

holograms between channels entering or leaving on different 

ports. Nor does the problem occur for the devices with 

multiple inputs and multiple outputs, for channels routed 

from the main input to the main output. 

15 

20 

Another configuration of the multi-wavelength 

architecture is to have a single input port and a separate 

output port for every wavelength channel and SLM devices 

for each channel capable of providing a set of many 

deflections. When configured so that a single channel 

leaves on each output port, the device acts as a 

reconfigurable demultiplexer such that the assignment of a 

particular wavelength to each output port can be changed 

dynamically. 

25 

3O 

Conventional wavelength demultiplexers are not 

reconfigurable and are therefore less flexible as a routing 

component. They also have a Gaussian filtering 

characteristic, which is inferior to the filter 

characteristic of the SLM multiwavelength optical 

processor, as described earlier. A further advantage of 

the invention, compared to a conventional free-space 

wavelength demultiplexer, is that the channel filter 

bandwidth is independent of the physical separation between 

the output fibres and also independent of the spot size of 
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the output fibre. In contrast, for the conventional 

demultiplexer, the channel bandwidth is proportional to the 

ratio of the output waveguide spot size to the physical 

separation of the output waveguides. Consequently, and in 

order to obtain sufficient channel bandwidth, microlens 

arrays are required to increase the effective spot size or 

waveguide concentrators are used to decrease the waveguide 

separation. 

I0 

15 

When used in reverse the device acts as a 

reconfigurable multiplexer, allowing the use of, for 

example, tuneable lasers at each input. In contrast, for a 

conventional wavelength multiplexer, fixed-tuned lasers 

must be used at each input. 

A system with a single input port and many output 

ports can act as a module to form part of a modular routing 

node. If the system has M output ports and a single input 

port, then each routing device produces M different 

20 deflections, with small adjustments to compensate for 

wavelength differences and alignment tolerances. All 

devices (i.e. holograms) producing the same eventual 

deflection will cause the associated wavelength channel to 

be routed out of the same output port. Hence such a system 

25 can send none, one or many (up to the number of channels 

entering the input port) channels out from the same output 

port. The logical function of the module is to sort the 

incoming channels on the input port according to their 

required output port, as also illustrated in Figure 21. 

30 Considering firstly the case of the routing architecture 

shown in Figure 12. As there is a single input port, every 

wavelength channel has its own hologram. Hence independent 
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flowing through the module. 

I0 

15 

One application of these modules is to use two of them 

to make an add/drop node, as shown in Figure 22. Figure 22 

s~ows a first routing module 660 having one input 661 from 

a previous node, a through output 662 and three drop 

outputs 663-5, as well as two spare outputs 666,667. A 

second routing module 670 has a first input 671 connected 

to the through output 662 of the first module, three add 

inputs 672-4 and two spare inputs 675,676. The second 

module 670 has an output 677 to the next node. The second 

(output) module can be physically identical to the first 

(input) module but it is used ’in reverse’. 

The first module routes all the through traffic out on 

a common through port 662 while providing multiple ’drop 

ports: one for each dropped channel. Any single wavelength 

or any set of wavelengths can be sent to any drop port. 

20 Hence each of the drop ports may connect to a local 

optoelectronic receiver in a local electronic switch, or to 

a remote customer requiring one or more channels for remote 

demultiplexing. The reconfigurability of the wavelength 

assignment means that the module acts like a wavelength 

25 demultiplexer combined with a matrix switching function, so 

may reduce the switching demands placed on the electronics 

servicing the drop ports. The ability to send a selectable 

set of wavelengths to the same port reduces the need for 

additional fibre/multiplexlng components and increases 

30 flexibility. Furthermore the routing applied to each 

wavelength channel may be multicast, as well as unicast. 

Hence drop and continue operation may be provided in which 
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the signal is routed to a drop port and also to the through 

port. If a transparent optical connection is required 

through to access and distribution networks this 

multicasting may also be applied to broadcast signals to a 

number of drop fibres. In this multicasting operation one 

or more of the pre~iously described power control methods 

may be applied to equalise the channels on the through and 

drop fibres, as required for the transmission systems and 

receivers to function correctly. 

The first module provides any channel equalisation and 

monitoring required for the drop ports. Channel 

equalisation and monitoring for the through channels may 

take place in the first module, or the second module, or 

both. 

The second module provides multiple add ports: one for 

each added channel. Any single wavelength or any set of 

wavelengths can be received at any of the input ports. 

20 This allows each of the add inputs to be a tuneable laser, 

which would not be possible with a conventional non- 

reconfigurable wavelength multiplexer. In the conventional 

case there are two options for providing the added 

channels. A first option is to use conventional non- 

25 reconfigurable wavelength multiplexing to combine the added 

channels, because this is much more efficient in terms of 

insertion loss than a non-wavelength-specific multiplexer 

(such as a I:N fibre splitter used in reverse, that is a 

N:l combiner). However this requires each input port of 

30 the wavelength multiplexer to have a transmitter laser at a 

fixed wavelength. When a particular wavelength channel is 

added at the node the associated transmitter is in use. 
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However when the network reconfigures its wavelength 

assignment that laser may no longer be in use. To allow 

complete reconfigurability a complete set of transmitter 

lasers must be provided, one for each system wavelength. 

This makes reconfigurable add drop nodes uneconomic when 

adding small numbers of channels, due to the large overhead 

of idle transmitter lasers. A second option is to use 

tuneable lasers, one for each added channel. With 

conventional optics this requires a non-wavelength-specific 

multiplexer, which imposes insertion loss penalties. The 

multi-wavelength architecture described provides a 

reconfigurable wavelength multiplexer with lower insertion 

loss than a N:l combiner. Furthermore the routing applied 

to each wavelength channel can be reconfigured without 

transient effects on other wavelength channels, as occurs 

in ’serial’ multiplexing architectures that have a 

reconfigura~ion capability. 

2O 

25 

3O 

Any add port can receive a reconfigurable set of 

wavelength channels from a remote customer. The second 

module also provides any channel equalisation required for 

the added signals. Finally the second module routes the 

through channels entering on the port 671 to the output 

677. 

The spare ports 666,667,675,676 can be used for 

routing selected channels to optical regenerators if the 

signal quality demands it; to wavelength converters to 

avoid wavelength blocking; to another add/drop node to 

allow cross-connection between rings, as shown in Figure 

23, or to further modules to allow expansion, as shown in 

Figure 24. 
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15 

Figure 23 shows a first to fourth routing modules 720, 

730, 740 and 750. The first and fourth modules each have 

one input 721, 751, a through output 722, 752, a cross- 

connect output 723,753 and a number of drop outputs721, 

754. The second and third modules 730,740 each have 

respective single output 731,741, a number of add inputs 

732,742 a cross-connect input 733,743 and a through input 

734, 744. The through output 722 of the first module 720 

is connected to the through input 734 of the second module 

730, and the through output 752 of the fourth module 750 is 

connected to the through input 744 of the third module 740. 

The cross-connect output 723 of the first module 720 is 

connected to the cross-connect input 743 of the third 

module 740, and the cross-connect output 753 of the fourth 

module 750 is connected to the cross-connect input 733 of 

the second module 730. 

The first and second modules 720, 730 are on one ring 

20 and the third and fourth 740, 750 on a second ring. This 

cross connection capability allows a new ring network to be 

overlaid on an original ring network when the original ring 

capacity is becoming exhausted. Channels may be exchanged 

between the two rings at each node as required. Hence the 

25 ring network acts like a ring with two fibres per link (in 

each direction around the ring). The concept may be 

extended to three or more overlaid rings, and hence three 

or more fibres per link (in each direction around the 

ring). As is well known from many traffic studies, 

30 increasing the number of fibres per link reduces 

significantly a phenomenon known as wavelength blocking, 

such that more efficient use is made of the capacity of 
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each fibre. Hence cross connection between rings makes 

better use of the available capacity, allowing more traffic 

to be carried for the same investment in infrastructure. 
Cross connection may also be used to exchange signals 

between diverging rings. 

Figure 24 shows expansion of a first (input) module 

760 having a single input 761, and five outputs 762-6,via 

an optical amplifier 768 and an intermediate module 770 

I0 having four outputs 771-4. The first output 762 of the 

first module 760 is a through path, the third output 764 is 

an expansion port and provides an input to the optical 

amplifier 768, and the output 769 of the optical amplifier 

is to the intermediate module 770. The intermediate module 

15 770 has an expansion port 771 and three new ports 772-4. 

Fourth and fifth outputs 765, 766 of the input module 760 

form drop outputs. The same principle can also be applied 

to expansion of a second (output) module. The use of such 

modules allows extra add and drop ports to be provided 

20 without service interruption to the channels flowing 

through the add drop node. It also allows network 

operators to apply just in time provisioning, delaying 

investment in infrastructure until the demand is there to 

use it. Furthermore it is only the channels dropped or 

25 added through the expansion module(s) that are subject to 

.an additional amplification stage. If every node in the 

ring were upgraded in this manner, the channels should only 

pass through an additional two amplification stages. This 

could be reduced to one additional stage by suitable 

30 assignment of the added and dropped channels to the 

original and expansion module. 
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Returning to the basic routing module shown in Figure 

21. This type of connectivity would be useful in mesh 

networks where each node.is connected by a multi-fibre link 

to, typically, each of between two and five nearest 

neighbour nodes. Each link carries traffic to and from one 

of the nearest neighbour nodes. Usually individual fibres 

in the link carry traffic in just one direction but some 

are bi-directional. For an example where a link has an 

average of six pairs of external fibres and a node has five 

links, then there would be thirty external incoming fibres 

and thirty external outgoing fibres. The function of the 

node is to route any wavelength channel from any incoming 

fibre to any outgoing fibre. Each fibre may carry many 

wavelength channels. Currently up to 160 channel systems 

are being installed although 40 or 80 channel systems are 

more usual. 

20 

25 

An ideal node architecture allows the network operator 

to start with one or more add/drop nodes connected to one 

or more rings and then allow the individual add/drop nodes 

to be connected so that the network topology can evolve 

towards a mesh. The node architecture should also allow 

extra fibres to be added to each link as required to meet 

the demand, with the extra parts or modules of the node 

being installed as and when required. Fibre management and 

installation between sub-components inside the routing node 

is also expensive. 

30 A known architecture for such a routing node uses a 

separate wavelength demultiplexer for every input fibre. 

The separated wavelength channels are then carried over 
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optical fibres to NxN optical switches. To avoid internal 

wavelength blocking then all channels at a particular 

wavelength must be connected to the same NxN switch. Hence 

the switch will receive channels at the same wavelength 

from every single input fibre. The channels leaving the 

switch are carried over optical fibres to a separate 

wavelength multiplexer for every output fibre. Hence the 

switch will route channels at the same wavelength towards 

every single output fibre. 

These switches have a sufficient number of ports for 

added and dropped channels, and channels passing to and 

from wavelength conversion and optical regeneration. This 

sufficient number is estimated based on traffic analysis as 

it depends on the instantaneous mapping of channels between 

nodes and the wavelength and fibre allocation. Each switch 

may ~ervice one or more wavelength channels. In one 

device, the number of fibres is around 3000 resulting in 

significant fibre management and installation costs. Even 

grouping together different fibres to or from the same link 

and grouping together the add fibres and regenerator fibres 

only reduces the number of separate entities to be managed 

to 560. 

25 

3O 

With such a large number of fibres it is not economic 

to provide optical amplifiers inside the routing node to 

compensate for insertion losses. Another problem with this 

architecture is how to add in extra external fibres once 

the switch capacity has been exhausted with the current 

number of external fibres. This cannot be done without 

replacing every single switch. In advance it is difficult 
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tO know how large to provision the switch to avoid or delay 

this problem. 

I0 

15 

2O 

25 

30 

An alternative node architecture uses one of the 

multi-wavelength architectures described to provide a 

separate module for every input fibre and a separate module 

for every output fibre. Consider first an input module. 

This should be designed so that none, one, many or all of 

the input channels may leave any of the output ports (as 

shown in Figure 21). These output ports are used to carry 

channels towards output modules and towards other parts of 

the node providing wavelength conversion, regeneration and 

ports to electronic switches, for example. A connection 

between an input module and an output module carries every 

wavelength channel mapped between the corresponding input 

and output fibre. Hence the logical function of an input 

module is to sort the incoming channels according to their 

destination output fibre. This logical functionality was 

illustrated in Figure 21. 

A particular input module does not have connections to 

every output module. It does not have connections to 

output modules going back to the same neighbourin~ node 

from which the input channels have travelled, except 

perhaps for network monitoring and management functions. 

It might not need to have separate connections to every 

output module for the output fibres to the other 

neighbouring nodes. It is however provided with sufficient 

connectivity to the output channels on every output link to 

avoid unacceptable levels of wavelength blocking. For 

example each input module could be connected to a subset of 

the output modules, with an overflow system used to provide 
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a connection to the other output modules, when required. 

An output module is designed like an input module but works 

in the opposite direction. Hence the logical function of 

the output module is to collect the channels coming from 

each input module and direct them to a common output port. 

I0 

In this architecture, the dropped channels and 

channels needing wavelength conversion may exit from each 

module on a common port or a pair of ports. As a result of 

using the modules it can be shown that satisfactory 

performance is achieved using fewer than i000 fibres and 

fewer than 50 fibre groups. 

15 

Hence the total number of fibres inside the node is 

reduced by a factor of over 3 while the total number of 

fibre entities to be installed and managed is reduced by a 

factor of I0 or more. This represents a significant 

reduction in cost and complexity. 

2O 

25 

3O 

An example wavelength-routing crossconnect using the 

modules is shown in Figure 25. Figure 25 shows four input 

routing modules 790-3, each with a respective input 790i- 

793i and four outputs 7900z-790o~ etc. and four output 

routing modules 794-7 each with four inputs and a 

respective.single output 794o-797o to a respective output 

fibre. One output of each input module 790-3 forms a drop 

output. The input and output modules are associated 

together with input module 790 associated with output 

module 794, input module 791 associated with output module 

795, input module 792 associated with output module 796 and 

input module 793 associated with output module 797. The 

remaining three outputs of each input module are cross- 
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connected to the non associated output modules, so that for 

example the three non-drop outputs of input module 790 are 

coupled to respective inputs of output modules 795, 796 and 

797. Specifically, output 7900z is connected to output 

module 795. Of the inputs to the four output modules, one 

per module is an add input and the remainder are connected 

to outputs of the input modules 790-3. 

10 

15 

2O 

In the example the routing function carried out by 

each input module 790-3 is to sort the incoming channels 

with respect to the selected output fibre 794o-7970 for 

example, and with reference to the figure, all wavelength 

channels entering the cross-connect on input 790i that need 

to leave the cross-connect on 7950 are routed by the input 

module 790 to the output 790oz. This output carries these 

channels to the output module 795 which is collecting 

frequency channels for output 795o. The output module 

combines all incoming channels onto a respective single 

output. 

In this architecture channel equalisation may be 

carried out independently for all channels routed through 

the cross connect. 

25 

3O 

The cross connect architecture of Figure 25 is modular 

in that it can be used to build a range of nodes of 

different connectivity and dimension. The modules can be 

used to assemble a node like that described above, starting 

with only 1 or 2 fibre pairs per link and adding in extra 

modules to allow more fibres per link. Extra modules can 

be added in and connected up as and when required, allowing 

the network operator to delay investment in infrastructure 
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for as long as possible. When the node has reached, for 

~xample, 6 fibre pairs per link and the capacity begins to 

be exhausted there are three ways to upgrade the node. The 

first way is to upgrade the numbers of wavelength channels 

on particular fibres in each link. This requires replacing 

the associated modules with modules processing more 

channels. However the other modules (and the fibre 

interconnections) can remain in service. In contrast for 

the conventional architecture as well as upgrading the 

demultiplexers and multiplexers associated with the 

particular fibres to be upgraded, a whole set of NxN 

switches must be installed, one for every new system 

wavelength. These switches will remain under-utilised 

until all the fibre systems have been upgraded. 

A second way to upgrade the node is to replace 

¯ selected modules with models providing an increased number 

of fibre choices per output link allowing more fibres per 

link. This requires the installation of more fibre groups 

inside the node. In contrast for the conventional 

architecture every NxN switch must be replaced meaning the 

associated system wavelengths would be out of service on 

every fibre entering or leaving the node. 

25 A third way to upgrade the node is to upgrade selected 

modules by cascading another module from a spare, or 

expansion output port, as shown in Figure 26. 

30 

Figure 26 shows a somewhat similar arrangement to 

Figure 24, and has an input module 860, with an input 861, 

five outputs 862-6, an optical amplifier 870 and an 

intermediate module 880 receiving the output of the optical 
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amplifier 870 and providing four outputs 881-4. The input 

module has three outputs 862-4 to existing output modules, 

fourth output 865 to the optical amplifier 870 and fifth 

output as a drop output. The first to third outputs 881-3 

of the intermediate module 880 connect to new or later 

output modules. 

I0 

15 

2O 

The advantage of this third way is that service 

interruption is not required during installation. 

The smallest node can have as few as two modules, 

which would act as an add/drop node. Several pairs of such 

modules can service a stacked set of rings, allowing 

interconnection between different rings. Adjacent rings 

can also be interconnected. A hybrid ring/mesh network can 

be Created. Hence the same modular system can be used for 

ring networks, mesh networks ~nd mixes of the two. It can 

also allow re-use of existing plant and allow an add/drop 

node to grow and evolve into a wavelength-routing cross- 

connect. 

25 

3O 

It will be clear to those skilled in the art that the 

use of reflective SLMs may allow optical folding to be 

accomplished and provide a compact system. Thus folding 

mirrors which may be found in some systems are replaced by 

SLMs that serve the dual function of folding and 

performance management for the system. The performance 

management may include managing direction change, focus 

correction, correction of non-focus aberration, power 

control and sampling. When taken together with the 

controller and sensors, the SLM can then act as an 

intelligent mirror. 
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As an example, this application of SLMs would be 

attractive in the context of free-space wavelength 

demultiplexers as it would help to suppress the problems 

associated with long path lengths. 

Another example is to provide correction for alignment 

tolerances and manufacturing tolerances in systems 

requiring alignment between fibre arrays and lens arrays. 

In particular focal length errors in the lenses (due to 

chromatic aberration or manufacturing tolerance) can be 

compensated by focus correction at the SLM or SLMs, while 

transverse misalignment between a fibre and lens which 

leads to an error in the beam direction after the lens, can 

be compensated by beam deflection at the SLM or SLMs. 

It will also be clear to those skilled in the art that 

although the described embodiments refer to routing in the 

context of one-to-one, it would also be possible to devise 

holograms for multicast and broadcast, i.e. one-to-many and 

one-to-all, if desired. 

25 

Although the invention has been described with 

reference to a number of embodiments, it will be understood 

that the invention is not limited to the described details. 

The skilled artisan will be aware that many alternatives 

may be employed within the general concepts of the 

invention as defined in the appended claims. 
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I.    A method of operating an optical device 

comprising an SLM having a two-dimensional array of 

controllable phase-modulating elements, the method 

comprising 

delineating groups of individual phase-modulating 

elements; 

selecting, from stored control data, control data for 

each group of phase-modulating elements; ’ 

generating from the respective selected control data a 

respective hologram at each group of phase-modulating 

elements; and 

varying the delineation of the groups and /or the 

selection of control data 

whereby upon illumination of said groups by respective 

light beams, respective emergent light beams from the 

groups are controllable independently of each other. 

2.    A method of operating an optical device according 

to claim I, wherein control of said light beams is selected 

from the group comprising: control of direction, control of 

power, focussing, aberration compensation, sampling and 

beam shaping. 

30 

3.    A method of operating an optical device according 

to claim 1 or 2, wherein each phase modulating element is 

responsive to a respective applied voltage to provide a 

corresponding phase shift to emergent light, the method 

further comprising 

controlling said phase-modulating elements of the 

spatial light modulator to provide respective actual 
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holograms derived from the respective generated holograms, 

wherein the controlling step comprises: 

resolving the respective generated holograms modulo 

2pi. 

4.    A method of operating an optical device according 

to claim i, 2 or 3, comprising: 

providing a discrete number of voltages available for 

application to each phase modulating element; 

on the basis of the respective generated holograms, 

determining the desired level of phase modulation at a 

predetermined point on each phase modulating element and 

choosing for each phase modulating element the available 

voltage which corresponds most closely to the desired 

level. 

5.    A method of operating an optical device according 

to claim 1,2 or 3, comprising: 

providing a discrete number of voltages available for 

application to each phase modulating element; 

determining a subset of the available voltages which 

provides the best fit to the generated hologram 

6.    A method of operating an optical device according 

25 to any preceding claim, further comprising the step of 

storing said control data wherein the step of storing said 

control data comprises calculating an initial hologram 

using a desired direction change of a beam of light, 

applying said initial hologram to a group of phase 

30 modulating elements, and correcting the initial hologram to 

obtain an improved result. 
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7.    A method of operating an optical device according 

to any preceding claim, further comprising the step of 

providing sensors for detecting temperature change, and 

performing said varying step in response to the outputs of 

those sensors. 

I0 

8.    A method of operating an optical device according 

to any preceding claim, in which the SLM is integrated on a 

substrate and has an integrated quarter-wave plate whereby 

it is substantially polarisation insensitive. 

15 

9.    A method of operating an optical device according 

to any preceding claim, wherein the phase-modulating 

elements are substantially reflective, whereby emergent 

beams are deflected from the specular reflection direction. 

20 

i0. A method of operating an optical device according 

to Claim 3 or any claim dependent on claim 3 comprising, 

for at least one said group of phase-modulating elements, 

providing control data indicative of two holograms to be 

displayed by said group and generating a combined hologram 

before said resolving step. 

25 

3O 

Ii. An optical device comprising an SLM and a control 

circuit, the SLM having a two-dimensional array of 

controllable phase-modulating elements and the control 

circuit having a store constructed and arranged to hold 

plural items of control data, the control circuit being 

constructed and arranged to delineate groups of individual 

phase-modulating elements, to select, from stored control 

data, control data for each group of phase-modulating 

elements, and to generate from the respective selected 
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control data a respective hologram at each group of phase- 

modulating elements, 

wherein the control circuit is further constructed and 

arranged to vary the delineation of the groups and /or the 

selection of control data, 

whereby upon illumination of sa~d groups by respective 

light beams, respective emergent light beams from the 

groups are controllable independently of each other. 

I0 

15 

2O 

12. An optical device according to claim Ii, having 

sensor devices arranged to detect light emergent from the 

SLM, the control circuit being responsive to signals from 

the sensors to vary said delineation and/ ,or said 

selection. 

13. An optical device according to claim Ii or 12, 

having temp4rature responsive devices constructed and 

arranged to feed signals indicative of device temperature 

to said control circuit, whereby said delineation and/ or 

selection is varied. 

25 

3O 

14. An optical routing device having at least first 

and second SLMs and a control circuit, the first SLM being 

disposed to receive respective light beams from an input 

fibre array, and the second SLM being disposed to receive 

emergent light from the first SLM and to provide light to 

an output fibre array, the first and second SLMs each 

having a respective two-dimensional array of controllable 

phase-modulating elements and the control circuit having a 

store constructed and arranged to hold plural items of 

control data, the control circuit being constructed and 

arranged to delineate groups of individual phase-modulating 
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elements, to select, from stored control data, control data 

for each group of phase-modulating elements, and to 

generate from the respective selected control data a 

respective hologram at each group of phase-modulating 

elements, 

wherein the control circuit is further constructed an~ 

arranged, to vary the delineation of the groups and /or the 

selection of control data 

whereby upon illumination of said groups by respective 

light beams, respective emergent light beams from the 

groups are controllable independently of each other. 

15 

15. A device for shaping one or more light beams in 

which the or each light beam is incident upon a respective 

group of pixels of a two-dimensional SLM, and the pixels of 

the or each respective group are controlled so that the 

corresponding beams emerging from’the SLM are shaped as 

required. 

20 16. An optical device comprising one or more optical 

inputs at respective locations, a diffraction grating 

constructed and arranged to receive light from the or each 

optical input, a focussing device and a continuous array of 

phase modulating elements, the diffraction grating and the 

~ array of phase modulating elements being disposed in the 

focal plane of the focussing device whereby diverging light 

from a single point on the diffraction grating passes via 

the focussing device £o form beams at the array of phase 

modulating elements, the device further comprising one or 

30 more optical output at respective locations spatially 

separate location from the or each optical input, whereby 
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the diffraction grating is constructed and arranged to 

output light to the or each optical output. 

OPCT/GB02/04011 

17. A method of filtering light comprising applying a 

5 beam of said light to a diffraction grating whereby 

emerging light from the grating is angularly dispersed by 

wavelength, forming respective parallel beams from said 

emerging light by passing the emerging light to a focussing 

device having the grating at its focal plane, passing the 

I0 respective parallel beams to an SLM at the focal plane of 

the focussing device, the SLM having a two-dimensional 

array of controllable phase-modulating elements, 

selectively reflecting light from different locations of 

said SLM and passing said reflected light to said focussing 

15 device and then to said grating. 

2O 

25 

18. A method according to claim 17 comprising 

delineating groups of individual phase-modulating elements 

to receive beams of light of differing wavelength; 

selecting, from stored control data, control data for 

each group of phase-modulating elements; 

generating from the respective selected control data a 

respective hologram at each group of phase-modulating 

elements; and 

varying the delineation of the groups and /or the 

selection of control data. 

3O 

19. An optical add/drop multiplexer having a 

reflective SLM having a two-dimensional array of 

controllable phase-modulating elements, a diffraction 

device and a focussing device wherein light beams from a 

common point on the diffraction device are mutually 
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parallel when incident upon the SLM, and wherein the SLM 

displays respective holograms at locations of incidence of 

light to provide emergent beams whose direction deviates 

from the direction of specular reflection. 

20. A test or monitorihg device comprising an SLM 

having a two-dimensional array of pixels, and operable to 

cause incident light to emerge in a direction deviating 

from the specular direction, the device having light 

sensors at predetermined locations arranged to provide 

signals indicative of said emerging light. 

15 

21. A test or monitoring device according to claim 

20, further comprising further sensors arranged to provide 

signals indicative of light emerging in the specular 

directions. 

2O 

22. A power control device for one or more beams of 

light in which the or each beam is incident on respective 

groups of pixels of a two-dimensional SLM, and power- 

control holograms are applied to the respective groups so 

that the emergent beams have power reduced by comparison to 

the respective incident beams. 

25 

3O 

23. An optical routing module having at least one 

input and at least two outputs and operable to select 

between the outputs, the module comprising a two 

dimensional SLM having an array of pixels, with circuitry 

constructed and arranged to display holograms on the pixels 

to route beams of different frequency to respective 

outputs. 
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24. A routing device having an input and plural 

outputs, the input constructed and arranged to receive a 

light beam having plural wavelengths, the device comprising 

an optical device for selecting the wavelengths of the 

input beam to appear in the outputs, wherein each output 

may contain any desired set of the plural wavelengths. 

I0 

25. A routing device according to claim 24, wherein 

the members of the desired set may be varied in use. 

26. A routing device according to claim 24 or 25, 

wherein at least two of the outputs contain at least one 

common wavelength. 

15 

20 

27. A routing device having plural input signals and 

an output, the output constructed and arranged to deliver a 

signal having plural wavelengths, the device comprising a 

device for combining the wavelengths from the input signals 

to appear in the output, wherein each input signai may 

contain any desired set of the plural wavelengths of the 

output. 

30 

28. A method of filtering light comprising spatially 

distributing the light by wavelength across an array of 

phase-modulating elements to form plural beams, delineating 

a group of said phase-modulating elements to be aligned 

~ith the centre frequency of a desired channel whereby the 

group truncates the beams according to wavelength, 

controlling the group to provide images of the truncated 

light beams incident on the group at a selected output 

waveguide wherein the original centres of the truncated 
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light beams are substantially coincident with the centre of 

the output waveguide. 

I0 
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~ THE ~TED STATES RECEW~G OFFICE ~O~S) 

Applicant: 

U.S. Application No.: 

Melanie Holmes 

10/487,810 

U.S. National Stage of: 
International Application No.: 

International Filing Date: 

PCT/GB02/04011 

September 2, 2002 

For: OPTICAL PROCESSING 

ASSERTION OF SMALL ENTITY STATUS 

_R_EQUEST FOR REIMBURSEMENT 

Mail Stop PCT (DO/EO) 
Commissioner for Patents 

P.O. Box 1450 
Alexandria, VA 22313-1450 

Sir: 

Small Entity status is hereby asserted for the subject application. 

Applicant’s attorney respectfully requests a reimbursement of $962, one-half the filing 

fees paid on February 26, 2004, to be deposited in Deposit Account No. 08-0380. This 

request is made within the three-month period allowed for such reimbursement- 

A copy of this letter is enclosed for accounting purposes. 

Respectfully submitted, 

HAMILTON, BROOK, SMITH & REYNOLDS, P.C. 

By ¯ 

Registration No. 39,30Z (/ 
Telephone (978) 341-0036 
Facsimile (978) 341-0136 

Concor,~,l~lassacl}usetts 01742-9133 Date: ~--~ ) q~,/,"O~ 
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UNITED STATES PATENT AND ~~ OFFIGE 

U.S. APPLICATION NI!MBER NO.                     I 

I0/4~7,~I0 

021005 
HAMILTON, BROOK, SMITH & REYNOLDS, P.C. 
530 VIRGINIA ROAD 
P.O. BOX 9133 
CONCORD, MA 01742-9133 

FIRST NAMED APPLICANT 

Melanie Holmes 

’ ~ STATES DEPARTM~’~T OF COMME~E 

A~: CO~l~lO~ ~R PA~8 , ~ " 

A~Y. ~C~T NO. 

3274.1003-000 

I 

I 

INTERNATIONAL APPLICATION NO. 

PCT/GB02/040 ! ! 
I.A. FILING DATE [ PRIORITY DATE 

09/02/2002 09/03/200 

CONFIRMATION NO. 3616 
371 FORMALITIES LETTER 

I IHIillllilllllHIHllHlllmlUllnlllU|llmOllllilllllillillllllllilllll 
*OC000000013196824" 

I 

I 

Date Mailed: 07/12/2004 

NOTIFICATION OF MISSING REQUIREMENTS UNDER 35 U.S.C. 371 IN THE UNITED 
STATES DESIGNATED/ELECTED OFFICE (DO/EO/US) 

The following items have been submitted by the applicant or the IB to the United States Patent and Trademark 
Office as a Designated / Elected Office (37 CFR 1.495). 

¯ Copy of the International Application filed on 02/26/2004 
¯ Copy of the International Search Report filed on 02/26/2004 
¯ Copy of references Cited in ISR filed on 02/26/2004 

¯ U.S. Basic National Fees filed on 02/26/2004 
¯ Pdority Documents filed on 02/26/2004 

The following items MUST be furnished within the period set forth below in order to complete the requirements for 
acceptance under 35 U.S.C. 371" 

¯ Oath or declaration of the inventors, in ~ompliance with 37 CFR 1.497(a) and (b), identifijing the application 
by the International application number and international filing date. 

¯ $130 Surcharge for providing the oath or declaration later than 30 months from the priority date (37 CFR 
1.492(e)) is required. 

SUMMARY OF FEES DUE: 

Total additional fees required for this application is $130 for a Large Entity: 

¯ $130 Late oath or declaration Surcharge. 

ALL OF THE ITEMS SET FORTH ABOVE MUST BE SUBMITTED WITHIN TWO (2) MONTHS FROM THE 
DATE OF THIS NOTICE OR BY 32 MONTHS FROM THE PRIORITY DATE FOR THE APPLICATION, 
WHICHEVER IS LATER. FAILURE TO PROPERLY RESPOND WILL RESULT IN ABANDONMENT. 

The time period set above may be extended by filing a petition and fee for extension of time under the provisions 

TS0001098 
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of 37 CFR 1.136(a). 

Applicant is reminded that any communications to the United States Patefit and Trademark Office must be mailed 
to the address given in the heading and include the U.S. application no. shown above (37 CFR 1.5) 

A copy of this notice MUST be returned with the response. 

PATRICIA A BOOKER 

U.~. APPLICATION NU]v[BER NO. 

10/487,810 

Telephone: (703) 305-3738 

PART 2 - OFFICE COPY 

INTERNATIONAL APPLICATION NO. 

PCT/OB02/04011 

A’ITY. DOCKET NO. 

3274.1003-000 

FORM PCTIDOIEOI905 (371 Formalities Notice) 
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DTO7 Rec’d PC T/PTO 1 0 ,SEP 

IN THE UNITED STATES RECEWING OFFICE (US/DO/EO) 

Applicant: Melanie Holmes 

U.S. Application No:: 10/487,810 

U.S. National Stage of: 
International Application No." 

..-:~International Filing Date: 

PCT/GB02/04011 

September 2, 2002 

For: OPTICAL PROCESSING 

EXPRESS MAIL LABEL NO. ~" V ~ S 4 ~,~-~ ~ ~"~/x/~ 

PATENT APPLICATION 

Docket No.: 3274.1003-000 

REPLY TO NOTWICATION OF MISSING REQUIREMENTS 

Mail Stop PCT (DOiEO) 
Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

Sir: 

In reply to the Notification of Missing Requirements (Form PCT/DO/EO/905) dated 

July 12, 2004, the following documents and fees are being submitted for filing in the 

captioned application: 

[ X ] EXECUTED DECLARATION FOR PATENT APPLICATION - A copy of the 

Notification is attached. 
(Separate transmittal letter and postcard not required) 

Ix] 

Ix] 

[] 

POWER OF ATTORNEY DOCUMENT 

[ ] GRANTED BY INVENTOR(S) 

[ X ] GRANTED BY ASSIGNEE, including Statement under 37 C.F.R. 3.73(b) 
(Separate transmittal letter and postcard not required) 

SURCHARGE - A surcharge as provided by 37 C.F.R. 1.16(e) in the amount of 

$65 is included in the enclosed check. 
(Separate transmittal letter and postcard not required) 

SEQUENCE LISTING - Filed concurrently and is attached. 
(Separate transmittal letter and postcard required) 

TSO001100 
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PETITION FOR EXTENSION OF TIME 

[ ] Applicant hereby petitions to extend the time to respond to the Notification of 

Missing Requirements dated [ ] for [ ] month(s) from [ 

] to [ ]. The appropriate fee of $[ ] is included in the 

enclosed check. - 

[ ] A [ ] month extension of time to respond to the Notification of 

Missing Requirements dated [ ] was filed on [ ] with payment of 

a $[ ] fee. 

[ ] Applicant hereby petitions for an additional [ ] month 

extension of time to respond to the Notification of Missing 

Requirements. The appropriate fee of $[ ] is included in the 

enclosed check. 
(Separate Petition for Extension of Time and postcard not required) 

[] REQUEST FOR CORRECTED FILING RECEIPT - Filed concurrently and is 

attached. 
(Separate transmittal letter and postcard required) 

IX] SMALL ENTITY STATEMENT 

[ ] Was filed on [ ] . 

[ X ] Is enclosed herewith. Assertion of Small Entity Status & Request for 

Reimbursement was filed on May 26, 2004. 
(Separate transmittal letter and postcard not required) 

[ ] In view of the small entity status of the captioned application, we hereby 

request a reimbursement of 50°A of the filing fees in the amount of $[ ] 

which were paid on [      ] to be deposited in Deposit Account No. 08-0380. 

The fees required for filing the indicated documents are enclosed in the form of a 

check in the total amount of $65. Authorization is hereby granted to charge any additional 

fees due to Deposit Account No. 08-0380. A copy of this letter is enclosed for accounting 

purposes. 

09/16/2004 6FREY1 

01 FC=2617 

00000055 10487810 

65.00 OP 

Concord, Massachusetts 01742-9133 

Date: ~ ~ t,,~49~ 

Respectfully submitted, 

HAMILTON, BROOK, SMITH & REYNOLDS, P.C. 

TSO001101 
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UNIIZD STATES PATENT AND TRADI~viARK OFFIOE ’ 

U.S. APPLICATION NI.,SVIBRR NO. 

10/487,810 

FIRST NAMED APPLICANT 

Melanie Holmes 

INTERNATIONAL APPLICATION NO. 

PCT/GB02/04011 

09/02/2002 09/03/2001 

CONFIRMATION NO. 3616 

371 FORMALITIES LE1-FER 

I llllIII IIIIIHIHIIII HIIIIIIIIlIIIII[IIlIII[IIIIllllI IlI!II|IIIlIIII 
*OC000000013196824* 

021005 
HAMILTON, BROOK, sMITH & REYN~ 

CONCORD, MA 01742-9133 

~!i ~ d U ~ 2 0 

Date Mailed: 07/12/2004 

NOTIFICATION OF MISSING REQUIREMENTS UNDER 35 U.S.C. 371 IN THE UNITED 
STATES DESIGNATED/ELECTED OFFICE (DOIEOIUS) 

The following items have been submitted by the applicant or the IB to the United States Patent and Trademark 
Office as a Designated / Elected Office (37 CFR 1.495). 

Copy of the International Application filed on 02/26/2004 

¯ Copy of the International Search Report filed on 02/26/2004 
¯ Copy of references cited in ISR filed on 02/26/2004 

¯ U.S. Basic National Fees filed on 02/26/2004 
¯ Priority Documents filed on 02/26/2004 

The following items MUST be furnished within the period set forth below in order to complete the requirements for 
acceptance under 35 U.S.C. 371: 

Oath or declaration of the inventors, in compliance with 37 CFR 1.497(a) and (b), identifying the application 
by the International application number and international filing date. 

$130 Surcharge for providing the oath or declaration later than 30 months from the priority date (37 CFR 
1.492(e)) is required. 

SUMMARY OF FEES DUE: 

Total additional fees required for this application is $130 for a Large Entity: 

¯ $130 Late oath or declaration Surcharge. 

ALL OF THE ITEMS SET FORTH ABOVE MUST BE SUBMITTED WITHIN TWO (2) MONTHS FROM THE 
DATE OF THIS NOTICE OR BY 32 MONTHS FROM THE PRIORITY DATE FOR THE APPLICATION, 
WHICHEVER IS LATER. FAILURE TO PROPERLY RESPOND WILL RESULT IN ABANDONMENT. 

The time period set above may be extended by filing a petition and fee for extension of time under the provisions 

TS0001102 



of 37 CFR 1.136(a). 

Page 2 of 2 

Applicant is reminded that any communications to the United States Patent and Trademark Office must be mailed 
to the address given in the heading and include the U.So applicalion no. shown above (37 CFR 1.5) 

A copy of this notice MUSTbe returned with the response. 

PATRICIA A BOOKER 

Telephone: (703) 305-3738 

PART 1 - ATTORNEY/APPLICANT COPY 

10/487,810 P CT/GB02/04011 3274.1003-000 

FORM PCTIDOIEOI905 (371 Formalities Notico) 

TS0001103 
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Bib Data Sheet 

UNITED STATES DEPARTMENT OF COMMERCE 
United States Patent and Trademark Office 
Add~=: CONI]VIISSIONER FOR PATENTS 

p,o. Box 1450 
Alemmdfi=, ~ 22313-1450 

CONFIRMATION NO. 3616 

SERIAL NUMBER 
10/487,810 

FILING OR 371(c) 
DATE 

09/10/2004 

RULE 

CLASS 
359 

GROUP ART UNIT 

2872 

ATTORNEY 
DOCKET NO. 

3274.1003-000 

APPLICANTS 
Melanie Holmes, Ipswich, UNITED KINGDOM; 

CONTINUING DATA ************************* 
This application is a 371 of PCT/GB02/04011 09/02/2002 

FOREIGN APPLICATIONS ******************** 
UNITED KINGDOM 01213081 09/03/2001 

Foreign Priority claimed     [] yes [] no 

35 USC 119 (a-d) conditions [] yes [] no [] Met after 
~net Allowance 
Verified and 
~cknowled~ed Examiner’s Si~lnature Initials 

ADDRESS 

021005 

** SMALL ENTITY ** 

STATE OR 
SHEETS     TOTAL INDEPENDEN1 

COUNTRY 
UNITED    DRAWING CLAIMS CLAIMS 

36          28           13 
KINGDOM 

TITLE 

Optical processing 

FILING FEE 
RECEIVED 

1027 

FEES: Authority has been given in Paper 
No. to charge/credit DEPOSIT ACCOUNT 
No. for following: 

[] All Fees 

[] 1.16 Fees ( Filing ) 

[] 1.17 Fees ( Processing Ext. of 

time ) 

I-I 1.18 Fees ( Issue ) 

[] Other 

[] Credit 
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DOCKET NO. 3274.1003-000 

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

Declaration for Patent Application 

[ ] Supplemental (37 C.F.R. §1.67) 

As a named inventor, I hereby declare that: 

My residence, mailing address and citizenship are as stated next to my name; 

1 believe I am the original, first and sole inventor (if only one name is listed) or an original, first and joint 
inventor (if plural names are listed in the signatory page(s) commencing at page 2 hereof) of the subject matter which 
is claimed and for which a patent is sought on the invention entitled 

OPTICAL PROCESSING 

the specification of which (check one) 

[ ] is attached hereto. 

[ ] was filed on [ ] as United States Application Number [ ]. 

[ x] was filed on 2 September 2002 as PCT International Application No. PCT/GB02/04011 and assigned 
United States Application No. 10/487,810. 

[ ] and was amended on [ ] (if applicable). 

I hereby state that I have reviewed and understand the contents of the above-identified specification, 
including the claims, as amended by any amendment referred to above. 

1 acknowledge the duty to disclose information which is material to patentability as defined in 37 C.F.R. 
§ 1.56, including for continuation-in-part applications, material information which became available between the 
filing date of the prior application and the national or PCT international filing date of the continuation-in-part 
application. 

I hereby claim foreign priority benefits under 35 U.S.C. 119 or 365 of any foreign application(s) for patent 
or inventor’s certificate, or of any PCT international application which designated at least one country other than the 
United States of America, listed below and have also identified below, by checking the box, any foreign application 
for patent or inventor’s certificate, or of any PCT international application having a filing date before that of the 
application on which priority is claimed: 

Prior Foreign Application(s) Priority ~Certified 
Not Copy Filed? 

Claimed YES NO 

0121308.1 Great Britain 03/September/2001 [ ] [ ] [ X ] 
(Number)                    (Country)            (Day/Month/Year filed) 

[ ]    [ ]    [ ] 
(Number)                    (Country)            (Day/Month/Year filed) 

TSO001105 
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1 hereby declare that all statements made herein of my own knowledge are true and that all statements made 
on information and belief are believed to be true; and further that these statements were made with the knowledge 
that willful false statements and the like so made are punishable by fine or imprisonment, or both, under Section 
1001 of Title 18 of the United States Code and that such willful false statements may jeopardize the validity of the 
application or any patent issued thereon. 

or first inventor Melanie Holmes 

Inventor’s Signature "-~’~, /~l/~-.-~ 

Residence 39 Orford Street 

Date 

Citizenship 

Mailing Address 

Ipswich, IPI 3P.E Grgat Britain 

sGar ema: aBsr i~: ior Iv e ~.~~ 

@~FDcskt0p~::ODM~!MHODMA/HBS R05 ;LManage;459016; I 
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STATEMENT CLAIMING SMALL ENTITY STATUS 

(37 CFR 1.27(a))-SMALL BUSINESS CONCERN 

Rec’¢ P r/PTO 1, 0 2004 
DOCKET NUMBER: 3274.1003-000 

Applicant or Patentee: 
Application or Patent No.: 
International Filing Date: 
Title: 

Melanie Holmes 
10/487,810 
2 September :~002 
Optical Processing 

1 hereby state that I am 
[ ] the owner of the small business concern identified below: 
[ X ] an official of the small business concern empowered to act on behalf of the concern identified below; 

NAME OF SMALL BUSINESS CONCERN 

ADDRESS OF SMALL BUSINESS CONCERN 

Thomas Swan & Co. Ltd. 
CrookhallI Consett, Co. Durham DH8 7ND, United Kingdom 

I hereby state that the above identified small business concern qualifies as a small business concern as defined in 13 CFR Part 121 for 
purposes of paying reduced fees to the United States Patent and Trademark Office. Questions related to size standards for a small business concern 
may be directed to: Small Business Administration, Size Standards Staff, 409 Third Street, SW, Washington, DC 20416 or you may call 
202-205-6618. 

I hereby state that rights under contract or law have been conveyed to and remain with the small business concern identified above with regard 
to the invention described in: 

[ ] the specification filed herewith with title as listed above. 
[ X ] the application identified above. ~ 

[ ] the patent identified above. 

If the rights held by the above identified small business concem are not exclusive, each person, concern or organization having rights in the 
invention must file separate statements as to their status as small entities. No rights to the invention are held by any person who would not qualify as 
a person under 37 CFR !.27(a)(1), or by any concern which would not qualify as a small business concern under 37 CFR 1.27(a)(2), or a nonprofit 
organization under 37 CFR 1.27(a)(3). 

Each additional person, concern or organization having any rights in the invention is listed below: 
[ X ] no such person, concern, or organization exists. 
[ ] each such person, concern, or organization is listed below. 

Separate st~itements are required from each named person, concern, or organization having rights to the invention stating their status as small 
entities. 

I acknowledge the duty to file, in this application or patent, notification of any change in status resulting in loss of entitlement to small entity 
status prior to paying, or at the time of paying, the earliest ofthe~ issue fee or any maintenance fee due after the date on which status as a small entity 
is no longer appropriate. (37 CFR 1.27(g)(2)) 

NAME OF PERSON SIGNING 

TITLE OF PERSON IF OTHER THAN OWNER 

ADD ss OF PERSON SI NIN  

@PFD~ktop\::ODMA/MHODMA/HBSR05;iManage;459097; I 
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HAMILTON, BROOK,.SMITH 

POWER OF ATTORNEY ;OR Fir;, Named Inventor 

AUTHORIZATION OF AGENT AND 

CORRESPONDENCE ADDRESS 

Title] 

2 September 2002 

Melanie Holmes 

Confirmation Number 

Group Art Unit , 

Examiner Name 

Attorney Docket Number 3274. 1003-000 

OPTICAL PROCESSING 

I/We hereby appoint 

[ X ] the attorneys/agents associated with Customer No. 021005 

[ ] Practitioner(s) named below: 

as my/our attorneys/agents to prosecute the application identified above, including any continuation or divisional 
applications thereof, and to transact all business in the United States Patent and Trademark Office connected 
therewith. 

The correspondence address for the above-identified application is: 

[ X ] Customer Number 021005 

Hamilton, Brook, Smith & Reynolds, P.C. 

530 Virginia Road 

P.O. Box 9133 

Concord, Massachusetts 01742-9133 

[ ] Other 

Please direct all telephone calls and facsimiles to: 

Name Timothy J. Meagher, Esq. ¯ Tel. No. 978-341-0036 Fax No. 978-341-0136 

I am the: 

[ ] ApplicantJlnvent6r. 

[ X ] Authorized representative of the Assignee, Thomas Swan & Co. Ltd., of the entire interest. See 37 C.F.R. § 
3.71. A Statement under 37 C.F.R. §3.73(b) is enclosed. 

[] 

Name & Title 

Signature 

Date 
~PFDesktop\::ODMA/MHODMA/HBS R05;iManage;459090;I 

Authorized representative of the Assignee [ ], together with [ ], of the entire interest. A Statement under 
37 C.F.R. § 3.73(b) is enc osed. 

SIGNA TURE of Applicant or Assignee of Record 

TS0001108 



Inventor(s): 

Application No./Patent No.: 

For: 

Docket No. 

STATEMENT UNDER 37 C.F.R. § 3.73(b) 

Melanie Holmes 

10/487,810 International Filing Date: 

OPTICAL PRO(~ESS1NG 

3274.1003-000 

2 September 2002 

Thomas Swan & Co. Ltd. 
(Name of Assignee) 

states that it is 

A. IX] 

8. [] 

, a corporation , 
(Type of Assignee, e.g., corporation, partnership, university, government agency, etc.) 

the assignee of the entire right, title and interest in the patent application identified above; or 

an assignee together with [ ] of the entire right, title and interest in the patent application identified 
above. 

The right, title and interest of the above-named assignee in the patent application identified above is established by virtue of: 

A. [ X ] An assignment from the inventor(s) of the patent application identified above. The assignment was recorded in the Patent 
and Trademark Office at Reel             , Frame                 , or a copy thereof is attached. 

OR 

B. [ ] A chain of title from the inventor(s) of the patent application identified above, to the current assignee as shown below: 

From: To: 
The document was recorded in the United States Patent and Trademark Office at 
Reel          , Frame             , or a copy thereof is attached. 

From: To: 

The document was recorded in the United States Patent and Trademark Office at 
Reel           , Frame       ~     , or a copy thereof is attached. 

From: To: 
The document was recorded in the United States Patent and Trademark Office at 
Reel          , Frame            , or a copy thereof is attached. 

[ ] Additional documents in the chain of title are listed on a supplemental sheet. 

The undersigned (whose title is supplied below) isauthorized to act on behalf of the assignee. 

Date: 

Name: 

Title: 

Signature: 

~P~ktop~:ODM~ODM~BSROS;~a~591 ~;1 
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COPY 

ASSIGNMENT 

Docket No. 3274.1003-000 

Sole 

WHEREAS, I, Melanie ltolmes, have invented a certain improvement in Optical 
Processing, described in an application for Patent, 

[] 

[] 

the specification of which is being executed on even date herewith and is about to 
be filed in the United States Patent Office (use for 3 7 CFR §1.53(b)filings only); 

is about to.be filed in the United States Patent Office as a Provisional Application; 

[ ] the specification of which is United States Application No. [ 1, filed [ 1; 

the specification of which is a Patent Cooperation Treaty Application, 
International Application No. PCT/GB02/04011, which designates the United 
States of America; 

[ .] which was patented under United States Patent No. [ ]. 

WHEREAS, Thomas Swan & Co. Ltd. (hereinafter "ASSIGNEE"), a corporation 
organized and existing under the laws of the United Kingdom, and having a usual place of 
business at Crookhall, Consett, Co. Durham DI-I8 7ND, United Kingdom, desires to acquire 
an interest therein in accordance with agreements duly entered into with me; 

NOW, THEREFORE, to all whom it may concern be it known that for and in. 
consideration of said agreements and of other good and valuable consideration, the receipt-of 
which is hereby acknowledged, I have sold, assigned and transferred and by these presents-do 
hereby sell, assign and transfer unto said ASSIGNEE, its successors, assigns and legal 
representati~,~s, the entire right, title and interest in and throughout the United States of America, 
its territories and all foreign countries, in and to said invention as described in said application, 
together with the entire right, title and interest in and to said application and such Letters Patent 
as may issue on said invention; said invention, application and Letters Patent to be held and 
enjoyed by said ASSIGNEE for its own use and behalf and for its successors, assigns and legal 
representatives, to the full end of the term for which said Letters Patent may be granted as fully 
and entirely as the same would have been held by me had this assignment and sale not been 
made; I hereby convey all rights arising under or pursuant to any and hll international 
agreements, treaties or laws relating to the protection of industrial property by filing any such 
applications for Letters Patent. I hereby acknowledge that this assignment, being of the entire 
right, title and interest in and to said invention, carries with it the right in ASSIGNEE to apply 
for and obtain from competent authorities in all countries of the world any and all Letters Patent 
by attorneys and agents of ASSIGNEE’s selection and the right to procure the grant of all such 
Letters Patent to ASSIGNEE for its own name as assignee of the entire right, title and interest 
therein; 

AND, I hereby further agree for myself and my executors and administrators to execute 
upon request any other lawful documents and likewise to perform any other lawful acts which 
may be deemed necessary to secure fully the aforesaid invention to said ASSIGNEE, its 
successors, assigns and legal representatives, but at its or their expense and charges, including the 

TSO001110 
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Docket No. 3274.1003-000 

execution of applications for patents in foreign countries, and the execution of any further 
applications including substitution, reissue, divisional or continuation applications, and 
preliminary or other statements and the giving of testimony in any interference or other 
proceeding in which said invention or any application or patent directed thereto may be involved; 

AND, I do hereby authorize and request each Patent ~Office and the Commissioner of 
Patents of the United States to issue such Letters Patent as shall be granted upon said invention to 

said ASSIGNEE, its successors, assigns, and legal representatives. 

Witness 

Address 

Wimess 

Address 

Address 39 Orford Street 

Ipswich IP1 3PE Great Britain 

@PFDesktop\::ODMA/MHODMA/HBSR05 ;iManage;459060; I 
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UNITED STg~TES PATENT AND TRADEIV~M~� OFF~OE 

U,S. APPLICATION NUMBER NO.          I 

10/487,810 

FIRST NAMED APPLICANT 

Melanie Holmes 

UNITED STATES DEPARTMENT OF COMMERCE 
United States Patent and Trademark Office 
Add~: CO,"v~VIISSIONER FOR PATENTS 

ATTY. DOCKET NO. 

3274.1003-000 

021005 
HAMILTON, BROOK, SMITH & REYNOLDS, P.C. 
530 VIRGINIA ROAD 
P.O. BOX 9133 
CONCORD, MA 01742-9133 

[ 

I 

INTERNATIONAL APPLICATION NO. 

PCT/GB02/04011 

I.A. FILING DATE 
IPRIORITY DATE 

09/02/2002 09/03/200 

CONFIRMATION NO. 3616 
371 ACCEPTANCE LETTER 

I IlII|IIOHIIlllI[OIHIHHIIHIHIOIII IlI IHI II IlIIIII[ 
*OC000000013906043" 

Date Mailed: 09/28/2004 

NOTICE OF ACCEPTANCE OF APPLICATION UNDER 35 U.S.C 371 AND 37 CFR 1.495 

The applicant is hereby advised that the United States Patent and Trademark Office in its capacity as a 
Designated / Elected Office (37 CFR 1.495), has determined that the above identified international application has 
met the requirements of 35 U.S.C. 371, and is ACCEPTED for national patentability examination in the United 
States Patent and Trademark Office. 
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(c)(4) REQUIREMENTS 
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DATE OF COMPLETION OF ALL 35 U.S.C. 371 

REQUIREMENTS 
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Postal Service with sufficient postage as First Class Mail in an envelope addressed 

to Commissioner for Patents, P.O~Box 1450, Alexandria,eVA 22313 - i 450, or is 
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SUPPLEMENTAL INFORMATION DISCLOSURE STATEMENT 

Mail Stop Amendment 
Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

Sir: 

This Information Disclosure Statement is submitted: 
[ ] " under 37 CFR 1.129(a), or 

(First/Second submission after Final Rejection) 

ix] under 37 CFR 1.97(b), or 
(Within any one of the following time periods: three months of filing national application (other than a CPA) or date of entry of the national 

stage in an international application; or before the mailing date of a first office action on the merits in a non-provisional application, including a 

CPA, or a Request for Continued Examination). 

under 37 CFR 1.97(c) together with either: 

[ ] a Statement under 37 CFR 1.97(e), as checked below, or 

[ ] a $180.00 fee under 37 CFR 1.17(p), or 
(After the 37 CFR 1.97(b) time period, but before’ final action or notice of allowance, whichever occurs first) 
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[ ] a $180.00 fee under 37 CFR 1.17(p), or 
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under 37 CFR 1.97(i): 
Applicant requests that the IDS and cited reference(s) be placed in the application filewrapper. 

(Filed after payment of issue fee) 
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Statement Under 37 CFR 1.97(e) 

[] Each item of information contained in this Information Disclosure Statement was first cited in 
any communication from a foreign patent office in a counterpart foreign application not more 
than three months prior to the filing of this Information Disclosure Statement; or 

No item of information contained in this Information Disclosure Statement was cited in a 
communication from a foreign patent office in a counterpart foreign application, and, to the 
knowledge of the undersigned, after making reasonable inquiry, no item of information contained 
in the information disclosure statement was known to any individual designated in 37 CFR 
1.56(c) more than three months prior to the filing of this Information Disclosure Statement. 

Statement Under 37 CFR 1.704(d) (Patent Term Adjustment) 
"    Applies to original applications (other than design) filed on or after May 29, 2000 

Each item of information contained in the Information Disclosure Statement was cited in a 
communication from a foreign patent office in a counterpart application and this communication 
was not received by any individual designated in § 1.56(c) more than thirty days prior to the 
filing of the Information Disclosure Statement. 

IX] Enclosed herewith is form PTO-1449: 

ix] Copies of the cited reference is enclosed. 

[ ] Since this application was filed after June 30, 2003, copies of issued U.S. patents 
and published U.S. applications are not required and are not being provided. 

Copies of the cited references are enclosed except those entered in prior application, U.S. 
Application No. [     ], to which priority under 35 U.S.C. 120 is claimed. [The earlier 
application contains copies of the cited references.] 

The listed references were cited in the enclosed International Search Report in a 
counterpart foreign application. 

The "concise explanation" requirement (non-English references) for reference(s) [ 
under 37 CFR 1.98(a)(3) is satisfied by: 

[] 
[] 
[] 
[] 

[] 

the explanation provided on the attached sheet. 

the explanation provided in the Specification. 

submission of the enclosed International Search Report. 

submission of the enclosed English-language version of a foreign Search Report 
and/or foreign Office Action. 

the enclosed English language abstract. 
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[ ] Applicant requests that the following non-published pending applications be considered: 

Examiner’s 
Initials 

U.S. Patent Application No. [ 

U.S. Patent Application No. [ 

U.S. Patent Application No. [ 

], by [inventor(s)], filed [ 

], by [inventor(s)], filed [ 

], by [inventor(s)], filed [ 

],DocketNo.: [ ] 

],DocketNo.: [ ] 

],DocketNo.: [ ] 

Examiner Date 

[ ] A copy of each above-cited application, including the current claims, is enclosed. 

[] A copy of each above-cited application, including the current claims, is enclosed, except 
those entered in prior application, U.S. Application No. [ ], to which priority under 
35 U.S.C. 120 is claimed. 

The Examiner is requested to return a copy of the above list of pending applications indicating which 
references were considered with the next office communication. 

It is requested that the information disclosed herein be made of record in this application. 

Method of payment: 

[ ] A check for the fee noted above is enclosed, or the fee has been included in the check with the 
accompanying Reply. A copy of this Statement is enclosed. 

[ ] Please charge Deposit Account 08-0380 in the amount of $[ ]. A copy of this Statement is 
enclosed. 

[X] Please charge any deficiency in fees and credit any overpayment to DePOsit Account 08-0380. 

Respectfully submitted, 

HAMILTON, BROOK, SMITH & REYNOLDS, P.C. 

Regisfl’ation No.k~9,30~    ’ 
Telephone: (978) 341/-0036 
Facsimile’. (978) 34,1"-0136 
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Wavelength-selective ix4 switch 

for 128 WDM channels at 50 GHz.  pacing 
D. M. Marom, D. T. Neilson*, D. S. Greywall*, N. R. Basavanhally*, p. R. Koloi~ner*, Y. L. LOW*, F. Pardo*, 

C. A. Bolle*, S. Chandrasekhar*, L. Buhl*, C. R. Gile~          " 

Bell Laboratories, Lucent Techhologies. IOI Crawfords Corr~er Rd., Holmdel NJ 07733 
"~ Bell Laboratories, Lucent Technologies. 791 Hohndel-Keyport Rd., Holr~del NJ 07733 

¯ ~ Bell Laboratories, Lucent Technologies, 600 Mountain Ave., "Murray ~}11 NJ 07974 

~el: (732) 949~1108, Far: (732) 949-2473, Email: drnnram@lucent.corh : 

¯ ..      . and..     .. 

S.-H. Oh, C. S. Pai,: K. Werderi H, .T. Soh; G. R~: Bogart,-El’ ~e~Ty, FI ~. memdn~, K. Teffeau,o 
J. F. Miner, S. Rogers, J. E. Bower, R. C.Keller, and W. Mansfield 

Agere Systetr~. 600 ".M~:ntain Ave., Murra~ ~ili. NJ 07974 .... ’ "ii’, ": "’" . ." .. 

Abstraci:. We present a reconfigurable wavelehg~h-selecfive sw~ich that ~depend"~nily.dist~ibuie’s ’ 

128 input WDM channels to four output ports~ The switch is based On bulk optics and 1VIENIS 

micro-mirrors, exhibits <SdB insertion loss and"-flat-top pass-bands, and is well suited for 
transparent switching of 10 Gb/s signals.. 
© 2002 Optical SOciety of America 
OCIS codes: (060.1810) Couplers, switches, and multiplexers, (230.3990) Microstm~ture devicesl (060.2330) fiber optics 

communications                                                   ’ 

The evolution ~owards transparent optical transport systems, with the use of ~nabling technologies as fiber 
amplifiers and WDM transmission, affords cost reduction and performance enhahcements overlegacy systems. 

Expensive electronic equipment, such as SONE~r ADM, is being repiaced by optical add-drop multiplexers 
(OADM), which eliminate .the unnecessary regeneration of express traffic channels. The dropped channels are- 
typically detected locally for access ~0r retr~nsmittedonto another line system. Enabling the direct transfer of 
wavelengthsfrom one line system to another without regeneration will extend the:transparency region and reduce 

the overall network cost.                                                          ¯ 

Transparent switching in today’s multi-channel Optical communication systems is often accomplished by f~rst 

demultiplexing (Demux) the in~ess WDM channels into separate ports, trax~ersing through a high-port-count optical 
switch fabric,~’3 and re-multiplexing (Mux). the channels into common egress fibers for transmission downstream. 
However, as the channel count and complexity of. WDM r~etworks inEi-eases, management of the multiple 
interconnecting fibers between the Demux, switching fabric, arid Mux b’ecomes more diffi~:ult. ’This solution also 
requires a high start-tip cost. Integrating the Mux and Demux functionality into t~e switching device ~liminates the 

need for..these, intercon.ne.cting fibers, as has been demonstrated for 
reconfig’urable wavelength’.add-d~op ~,.W...i~ches ’with f.ree-space4’~ or arrayed 
wavegt~ide grating6 (AWG)Mux/Demux t~hnol0gy, as well as optical 
cross connects with embedded AWG? In thi’s l~ape~-, we demonstrate a new 

transparent switch l~abriE:th~t di:s~ributes "any o~tiE’~i]" wavelengths from an 
input port to one.of four output ports ~ wavelength-selective I x4 switch " 
imple.mented with free-spa~e opd’~s and micro-electro-mechanical-system 

(MEMS) fnirro~’~ ..... ’     ;                                 .. 

The mult!.Zpor( wavelength-selective switch accept~ an optical signal 
comprised, of 128 WDM..~hanne.ls at .its inpu~ port and can independe’.ntly 
switch ev.ory input op’~ca."i qhamael to one.of tlie 4 multiplexed output ports. 
Thus, every output "port Carries a ~ubse.t of ihe input channels and 

cumulatively the 4Qutput ports contain .all 128. WDM channels. The 
functionality provided by the waVelength-selective ’1×4 switch could be 

implemented using disci-ete components, see Fig. I (drawn for simplicity 
with only 8 wavelength channels), however, as the figure illustrates, this 

Fig. 1. Equivalent function of the 

wavelength-selective Ix4 switch usin.g 
discrete multiplexers and switches. 

OFC 2002 Postdeadline Papers 
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solution requires a large fiber count to interconnect 
the 128 port Demux, the 128 lx4 switches, and the 
4 Muxes with128 ports. 

The    wavelength-selective    1 ×4    switch 
architecture is comprised of two major sub- 
assemblies (see Fig. 2). The fh-st sub-assembly 
comprises: a linear array of 5 fibers, 5 collimator 
lenses each aligned to a fiber in the array, and a 
high NA.condenser lens whose aperture subtends 

all the collimator lenses. One fiber in the array 
carries the input. WDM channels and the remaining 
four serve as the output fibers of the switch. This 

first sub-assembly images all the fiber end-faces 
onto a sin~e small spot (whose size depends on the 

conversion ~ 
~patial dispersibn 

Fig. 2. Schematic of the optical system for th~ Wa~,elength-se’lective 
I x4 s~vitch.                            " " 

magnification ratio of the imaging .system),. such that the distinct fibers ’are 

now separated, in. angle sp.ace only (i.e., propagation direction)..The ’second 
¯ sub-as’sembly :co.nsists oi’ a resolution¢len’s, a diffraction .grating. and a 128. 

MEMS. micro-mirror array. This Second sub-assembly disperses ihe optical. ’ 

channels onto .the MEMS min-or array, such that each wavelength, channel is 

incident upon a unique mirror inthe array’ for independent addressing. The 

switch, operates as follows: an input WDM channel from the ingress fiber (see 
A in Fig. 2) is imaged via the collimator and condenser in the first sub- 

assembly onto the common spot (B). The channel is subsequently imaged onto 
a particular micro-mirror (D) via the resolution lens and grating in the second 
sub-assembly. The mirroi" is tilted to-a prdseribed angle (one of 4 possible 

angles), such that the reflected beam is propagating in a different direction. 

The reflecte~ beam pa]ses .t..~ough the same resolution lens and grating, 
ensuring that the reflected’ beam will be imaged.back to the same common 

spot (B), yet.with a different p~’opagation direction that depends on 

the angle of the MEMS mirror (D).. The beam continues to 
propagate through the first sub-assembly, which images the 
reflected beam at the distinct .propagation direction onto one of the 

output fibers (F’)..Hence, the choice of output port is determined by 
the tilt angle of the MEMS-mirror. The channel pass bands are 
determined by. the amount of spatial dispersion (a function of the 
resolution lens and grating of the second sub-assembly) and the 

beam spot size at the output of the first sub-assembly, and can be 

designed to meet necessary bandwidth requirement. 

We ¯implemented a 128 channel, .50. GHz’channel spacing, 
wavelength-selective lx4 switch, to match the needs of next, 
generation ti’ansparent transport systems. A custom 100 mm focal 
length resolution lens and an 1100 gr/mm grating provide the 
necessary spatialdispersion. We also employ polarization diversity 
to offset the diffraction grating’s polarization dependence. The 
fibers are imaged onto the common spot (position "B". in Fig. 2) by 
a magnification ratio of x3. The MEMS mirrors are etched from a 
silicon-on-insulator (SOI) wafer, and have two support rods which 
define a rotation axis and allow for rotation about the axis (see Fig. 
3). Th~ mirrors are actuated by an el~cO’ostatic attractive force 
imposed by one of two electrodes per mirror on either side of the 
axis. Thehxirror~ in our m-rangement 6an rotate up to ±8°, at a max 
voltage of 115 VDC applied to either mirror electrode. The mirror 

0 

-20 

-30 

-4O 

-50 

-60 

1586,26 

" Fig:3. S~’of"h~t~ied MEMS 
’ micro-mirror in the array. " 

1587.26"       1587.26 
Wavelength {nm] 

Fig. 4a. Typical passed channel when adjacent 
channels dropped.’Pass band exhibits a broad 
fiat top.. 

O.      :~ "; 

~.-~o / -40 
-50 

-60 " " 

1586.26 1587.26 1587.26 
Wavelength [nm] 

Fig. 4b. Typical rejection of a channel that was 

diverted to another output port when adjacent 

channels are transmitted. 

size in the dispersion direction varies across the 
spectrum, due to the nonlinear angular dispersion that the high frequ.ency grating exhibits, over the 55 nm of 

bandwidth. The mirror gap is minimized to ensure that the channel pass bands are maximized, resulting "in a’very 

OFC 2002 Postdeadline Papers 
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high mirror fill ratio of 98%. Typical pass-band widths for a single isolated channel are: -1 dB level @ 35.6 GHz, 

-3 dB level @ 44.5 GHz (see Fig. 4a). The broad fiat-top region enables the switch to be cascaded in transparent 

systems carrying 10Gbps data. The tw5 peaks at -25 d.B level that are visible beyond the nulls of the switched 
adjacent channels is light scattering from the mirror edges, which couples, to all .the output, ports due to its large 
angular spectrum. Fortunately, in a real transmission system the~’e is no illu~nation on the mirror edges, as each 
WDM channel signal is contained within the mirror area. These peaks are a "consequence of.the measurement 

technique. The dixectivity of the switch, measured when the adjacerit chama~ls aregwi(ched to a particular port (~ee 
Fig. 4b), is better than -30. dB across 27.1 GHz and better than -40 dB across 21.5 GHz. 

We found insertion loss (IL) variation across the four output ports. The causes for these port losses are still under 
investigation, but we suspect that the system ~lignment canbe improved further, as we can optimize the system "to 

any particular port. When fully optimized to a particular port, the IL value is better than 3 riB. When we attempt to 

minimize the losses on all ports simultaneously, we find a worst case IL of 5 dB (inclusive of one connector loss), 
The switch does not exhibit any wavelength dependent loss across the wide optical bandwidth (see Fig. 5). 

c -10 

 -2o 
c- 

1560 1570 .          1580 1~’90 i600 1610 
,’ . .- Wavelength [nm]    . .. 

Fig. 5. Transmitted’spectrum of’aft 12’8"wavelength ch~nne|s through switchi showing nbgligible wavelength depei~dent loss. Fe~ mirrors 

from the array axe nohZfunctioning on this early prototype."                          "       ."      - 

The filter shape effeci, for a particular single switched 
wa~;~length channel was experimentally evaluated by rransrriitting 
!0 Gb/s, 33% RZ pseudorandom data throQgh the channel located 
at 1566.3nm and detuning the optical carrier center frequency from. ~ . ------* 
the filter’s ITU grid..The power p.enalty was les~ than 1. dB for 

~ ~ 

. .... 
frequency detuning as large as ±15 GHz (see Eig. 6), measured 

. with a 23~ length .sequence. The power penal~y rises quickl3~ 
0 " 

beyond +15 GHz as one of the 10 GHz side tones crosses over the 
. 

border to the adjacent channel pass band (border, and mirror edge, ~,e~.~-~ dmuning iGHzl 

are at 25 GHz. for a 50 GHz based device). This translates to a Fig. 6. Powei" penalty induced by filter shape 
as a function of detuning the optical carder ±30% channel margin for the transmitter, leading to increased      frequency. Inset: eye.diagram at zerooffset. 

robustness in optical transport systems.        " 

In su~anaary~ we pres~nke~l a n~w multi-port Wavelength-selective switch fabric.based on free-space optics and 
MEMS micro-mirrors technologies. This free-space arrangement integrated DemUx~ Switch and Mux functionality. 
into one compact, low loss unit..with very high channel 6ount and fiat-top pass band ~:haracteristics. 10 Gb/s P,_Z data 
transmission through the switch showed negligible channel degradation and a large channel margin as required for 

next-generation transparent transport systems. 

References:                                                                                              .. 
I. J.Leuthold. R.Ryf, S.Chandrasekhar, D.T.Neilson, C.H.Joyner, C.R.Giles, "All-optical nonblocking terabit/s crosseonnect based on low 

power all-optical wavelength convener and MEMS switch fabric," OFC 2001. PD-I 6.     :      ¯ 
2. L Y Lin, E. L. Goldstein, zmd R. W. Tkach. "Free-space micromachined opticai switches with submillisecond switching time for large- 

scale optical crossconnects," IEEE Photonics Technol. Lett. 10, p. 525-527 (1998~. 
3. J.E. F0uqueL S. yenkate~h, M. Troll, D. Chert, H. F. Wong, and P. W. Barth. "A Compact, sealable cross-connect switch using total 

in!ernal reflection due to thermally-generated bubbles," 1998 IEEE LEOS Annual Meeting, Vol. 2, p. 169-170 (1998). - 
4. 

P.J’E’F°rd’904-911V’A’Ak~uk’(1999). DJ.Bishdp.      , J.A.Walker: ~’Wavelength add-drop switching using tilting micromirrors.    ," J. l_.ightwave Technol. 17, 

5. J. Kondis,B. A. Scott, A. R~nalli,.R. Lindquist, "Liquid ci-ystals in bulk optics-b~sed DWDM optical switches and spectral e~ualizers," 
2001 I~EE LEOS Annua! Meeting, Vol. 1. p. 292-293 (2001). 

6. C.R. Doerr, L. W. Stulz. J. Gates, M. C~ppuzzo. E. Lasltowski, L Gome~, A. Paunescu, A. White, and C. Naxayanan, "Arrayed waveguide 
lens wave.length add-drop in silica," [EEE Photon. Technol. l~tt. 1 I. pp. 557-559 (1999). 

7. R. Ryf, et al.. "Scalable wavelength-selective Crossconn~ct switch based on MEMS and planar waveguides,’" ECOC 2001 post deadline. 
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Art Unit: 2873 

Page 2 

DETAILED ACTION 

Ele c rio n/Res tric tio n s 

Restriction is required under 35 U.S.C. 121 and 372. 

This application contains the following inventions or groups of inventions which 

are not so linked as to form a single general inventive concept under PCT Rule 13.1. 

In accordance with 37 CFR 1.499, applicant is required, in reply to this action, to 

elect a single invention to which the claims must be restricted. 

Group I, claims 1-14, drawn to 2-D array of controllable phase-modulating elements and 
method of operating same, classified in class 359, sub-class 279. 

Group II, claim 15, drawn to beam shaping device, classified in class 359, sub-class 
291. 

Group III, claims 16-18 and 28, drawn to diffraction grating device and method of 
filtering light by diffraction grating, classified in class 359, sub-class 566. 

Group IV, claim 19, drawn to optical add/drop multiplexer, classified in class 398, sub- 
class 83. 

Group V, claims 20-21, drawn to test or monitoring device, classified in class 385, sub- 
class 18. 

Group VI, claim 22, drawn to power control device using power-control hologram, 
classified in class 359, sub-class 288. 

Group VII, claims 23-27, drawn to routing device, classified in class 398, sub-class 49. 

The inventions listed as Groups I - VII do not relate to a single general inventive concept 
under PCT Rule 13.1 because, under PCT Rule 13.2, they lack the same or 
corresponding special technical features for the following reasons: The inventions listed 
are unrelated inventions, because the device or method recited in each invention has its 
own function or effect. 
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Application/Control Number: 10/487,810 

Art Unit: 2873 

Page 3 

Applicant is advised that the reply to this requirement to be complete must 

include (i) an election of a species or invention to be examined even though the 

requirement be traversed (37 CFR 1.143) and (ii) identification of the claims 

encompassing the elected invention. 

The election of an invention or species may be made with or without traverse. To 

reserve a right to petition, the election must be made with traverse. If the reply does not 

distinctly and specifically point out supposed errors in the restriction requirement, the 

election shall be treated as an election without traverse. 

Should applicant traverse on the ground that the inventions or species are not 

patentably distinct, applicant should submit evidence or identify such evidence now of 

record showing the inventions or species to be obvious variants or clearly admit on the 

record that this is the case. In either instance, if the examiner finds one of the inventions 

unpatentable over the prior art, the evidence or admission may be used in a rejection 

under 35 U.S.C.103(a) of the other invention. 

Any inquiry concerning this communication or earlier communications from the 

examiner should be directed to Loha Ben whose telephone number is (571) 272-2323. 

The examiner can normally be reached on Monday to Saturday, generally between 

12:00 noon to 8:00 p.m. 

If attempts to reach the examiner by telephone are unsuccessful, the examiner’s 

supervisor, Ricky Mack, can be reached on Monday to Friday, at (571) 272-2333. The 

fax phone number for the organization where this application or proceeding is assigned 

is 571-273-8300. 
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Information regarding the status of an application may be obtained from the 

Patent Application Information Retrieval (PAIR) system. Status information for 

published applications may be obtained from either Private PAIR or Public PAIR. 

Status information for unpublished applications is available through Private PAIR only. 

For more information about the PAIR system, see http://pair-direct.uspto.gov. Should 

you have questions on access to the Private PAIR system, contact the Electronic 

Business Center (EBC) at 866-217-9197 (toll-free). 

March 3, 2006 

Lc~Ben 
Examiner 

TSO001125 



Page 1 of 2 

Bib Data Sheet 

UNITED STATES PATENT AND TRaDEr, V’,Rr¢ OFWOE 
UNITED STATI;2~ DEPARTMENT OF COMMERCF. 

United States Patent and Trademark Office 

Address; COMMISSIONER FOR PATENTS 
P.O. BOX 1450 

CONFIRMATION NO. 3616 

SERIAL NUMBER 
10/487,810 

FILING DATE 

09/10/2004 

RULE 

CLASS 

359 

GROUP ART UNIT 

2873 

ATTORNEY 
DOCKET NO. 

3274.1003-000 

APPLICANTS 

Melanie Holmes, Ipswich, UNITED KINGDOM; 

/, 

** CONTINUING DATA ****~*~*******~* *** 
This application is a~371 of PCTIGB02104011 0910212002 

** FORglNIGTNE~P~IGC~IMO~ls;I**~30*~0*;:;~*0*I 

Foreign Priority claimed 

35 USC 119 (a-d) conditions 
met 

Verified and 
Acknowledged 

~yes E3 no I’--1 Mel after 
Allowance 

Examiner’s Signature Initials 

** SMALL ENTITY ** 

STATE OR 

COUNTRY 
UNITED 

KINGDOM 

SHEETS 

D RAWI N G 
36 

TOTAL 

CLAIMS 
28 

INDEPENDENT 

CLAIMS 
13 

ADDRESS 
021005 
HAMILTON, BROOK, SMITH & REYNOLDS, P.C. 
530 VIRGINIA ROAD 
P.O. BOX 9133 
CONCORD, MA 
01742-9133 

TITLE 
Optical processing 

FILING FEE 

RECEIVED 
1027 

FEES: Authority has been given in Paper 
No. to charge/credit DEPOSIT ACCOUNT 
No. for following: 

i--I All Fees 

[] 1.16 Fees ( Filing ) 

[] 1.17 Fees ( Processing Ext. of 

time ) 

[] 1.18 Fees ( Issue ) 

http://neo:8OOO/PrexServlellPrexAction 1/23/06 

TSO001126 



o ~ Page 2 of 2 

Other 

Credit 

http://neo:8000/PrexServlet/PrexAction 1/23/06 

TSO001127 



Index of Claims 
Application/Control No. 

10/487,810 
Examiner 

Loha Ben 

Applicant(s)/Patent under 
Reexamination 

HOLMES, MELANIE 
Art Unit 

2873 

Rejected 

Allowed 

(Through numeral) 

Cancelled 

¯ -’ Restricted 

N Non-Elected 

I Interference 

A 

O 

Appeal 

Objected 

Date Claim Date Claim Date Claim 

~ 
~ ~ ~ 

O’C 
~ 

~’- 

1 + 51 101 

2 * 52 102 

3 * 53 103 

4 * 54 104 

5 ÷ 55 105 

6 * 56 106 

7 * 57 107 

8 * 58 108 

9 * 59 109 

10 * 60 110 

11 ÷ 61 111 

12 * 62 112 

13 * 63 113 

14 * 64 114 

15 * 65 115 

16 * 66 116 

17 * 67 117 

18 ÷ 68 118 

19 ÷ 69 119 

20 * 70 120 

21 ÷ 71 121 

22 ÷ 72 122 

23 * 73 123 

24 ÷ 74 124 

25 ÷ 75 125 

26 * 76 126 

27 ÷ 77 127 

28 * 78 128 

29 79 129 

30 80 130 

31 81 131 

32 82 132 

33 83 133 

34 84 134 

35 85 135 

36 86 136 

37 87 137 

38 88 138 

39 89 139 

40 90 140 

41 91 141 

42 92 142 

43 93 143 

44 94 144 

45 95 145 

46 96 146 

47 97 147 

48 98 148 

49 99 149 

5O 100 150 

U.S. Patent and Trademark Office Part of Paper No. 0306 

TS0001128 



@PFDesktop\::ODMA/MHODMA/HBSR05;iManage;621656;1 

YJM/jk 

04/28/06 

PATENT APPLICATION 

Docket No.: 3274. ! 003-000 

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

Applicant: 

Application No.: 

371(c) Filing Date:: 

Confirmation No.: 

Title: 

Melanie Holmes 

10/487,810 

September 10, 2004 

3616 

OPTICAL PROCESSING 

Group Art Unit: 2873 

Examiner: Ben, Loha 

REPLY TO RESTRICTION REQUIREMENT 

Commissioner for Patents 

P.O. Box 1450 

Alexandria, VA 22313-1450 

Sir: 

Responsive to the Restriction Requirement dated March 7, 2006, the claims of Group I 

(Claims 1-14) drawn to 2-D array of controllable phase-modulating elements and method of 

operating same, classified in class 359, sub-class 279 are elected for prosecution. Applicant 

reserves the right to file a continuing application or take such other appropriate action as deemed 

necessary to protect the non-elected inventions. Applicant does not hereby abandon or waive any 

rights in the non-elected inventions.      ~ 

An extension of time to respond to the Restriction Requirement is respectfully requested. 

A Petition for an Extension of Time and the appropriate fee are being filed concurrently. 

Concord, MA 01742-9~133 

/ Dated: 

l/z ÷ 

Respectfully submitted, 

HAMILTON, BROOK, SMITH & REYNOLDS, P.C. 

J. Meagh~r ~ 
Registration No. 39,--J02 / 
Telephone: (978) 341-0~36 
Facsimile: (978) 341-0/136 
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Examiner: Ben, Loha 

For: OPTICAL PROCESSING 

PETITION FOR EXTENSION OF TIME 

Comrmssioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

Sir: 

Applicant hereby petitions the Commissioner for Patents to extend the time for filing a Reply to the 

Restriction Requirement dated March 7, 2006 for one month from April 7, 2006 to May 7, 2006 under 37 C.F.R. § 

1.136(a). 

Other than 
Small Entity Small Entity 

lmonth- X $ 60 $ 120 
2months- __$ 225 $ 450 
3 months- $ 510 __ $1,020 
4 months - __ $ 795 __ $1,590 
5 months - __ $1,080 __ $2,160 

[] 

A check is enclosed in the amount of the extension fee indicated above, or the extension fee has been included in 

the check with the accompanying Reply. 

Please charge Deposit Account No. 08-0380 in the amount of $[        ] to cover the cost of the extension fee. 

Any deficiency or overpayment should be charged or credited to Deposit Account No. 08-0380. A copy of this 

letter is enclosed for accounting purposes. 

Concord, Ma~sachuse[ts 01742-9133 

Dated: ’L-I( %, q, {~7 

Respectfully submitted, 

HAMILTON, BROOK, SMITH & REYNOLDS, P.C. 

-MeagherV 
, ~ 

Timothv/J. i - ] 

Registration~t No. 39,3~ / 

Telephone (978) 341-003~,/ 
Facsimile (978) 341-0136 
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UNITED STATES DEPARTMENT OF COMMERCE 
United States Patent and Trademark Office 
Address: COMMISSIONER FOR PATENTS 

P.O. Box 1450 
Alexandria, Virginia 22313-1450 
www.uspto.gov 

NOTICE OF ALLOWANCE AND FEE(S) DUE 

021005 7590 05111/2006 

HAMILTON, BROOK, SMITH & REYNOLDS, P.C. 
530 VIRGINIA ROAD 
P.O. BOX 9133 
CONCORD, MA 01742-9133 

EXAMINER 

BEN, LOHA 

ART UNIT      IPAPER NUMBER 

2873 

DATE MAILED: 05/11/2006 

10/487,810 09/10/2004 Melanie Holmes 3274.1003-000 3616 

TITLE OF INVENTION: OPTICAL PROCESSING 

nonprovisional YES S700 $300 $1000 08/11/2006 

THE APPLICATION IDENTIFIED ABOVE HAS BEEN EXAMINED AND IS ALLOWED FOR ISSUANCE AS A PATENT. 
PROSECUTION ON THE MERITS IS CLOSED.    THIS NOTICE OF ALLOWANCE 1S NOT A GRANT OF PATENT RIGHTS. 
THIS APPLICATION IS SUBJECT TO WITHDRAWAL FROM ISSUE AT THE INITIATIVE OF THE OFFICE OR UPON 
PETITION BY THE APPLICANT. SEE 37 CFR 1.313 AND MPEP 1308. 

THE ISSUE FEE AND PUBLICATION FEE (IF REQUIRED) MUST BE PAID WITHIN THREE MONTHS FROM THE 
MAILING DATE OF THIS NOTICE OR THIS APPLICATION SHALL BE REGARDED AS ABANDONED.      THIS. 
STATUTORY PERIOD CANNOT BE EXTENDED.      SEE 35 U.S.C. 151.    THE ISSUE FEE DUE INDICATED ABOVE 
REFLECTS A CREDIT FORANY PREVIOUSLY PAID ISSUE FEE APPLIED IN THIS APPLICATION. THE PTOL-85B (OR 
AN EQUIVALENT) MUST BE RETURNED WITHIN THIS PERIOD EVEN IF NO FEE IS DUE OR THE APPLICATION WILL 
BE REGARDED AS ABANDONED. 

HOW TO REPLY TO THIS NOTICE: 

I. Review the SMALL ENTITY status shown above. 

If the SMALL ENTITY is shown as YES, verify your current 
SMALL ENTITY status: 

A. If the status is the same, pay the TOTAL FEE(S) DUE shown 
above. 

B. If the status above is to be removed, check box 5b on Part B - 
Fee(s) Transmittal and pay the PUBLICATION FEE (if required) 
and twice the amount of the ISSUE FEE shown above, or 

If the SMALL ENTITY is shown as NO: 

A. Pay TOTAL FEE(S) DUE shown above, or 

B. If applicant claimed SMALL ENTITY status before, or is now 
claiming SMALL ENTITY status, check box 5a on Part B - Fee(s) 
Transmittal and pay the PUBLICATION FEE (if required) and 1/2 
the ISSUE FEE shown above. 

II. PART B - FEE(S) TRANSMITTAL should be completed and returned to the United States PateDt and Trademark Office (USPTO) with 
your ISSUE FEE and PUBLICATION FEE (if required). Even if the fee(s) have already been paid, Part B - Fee(s) Transmittal should be 
completed and returned. If you are charging the fee(s) to your deposit account, section "4b" of Part B - Fee(s) Transmittal should be 
completed and an extra copy of the form should be submitted. 

III. All communications regarding this application must give the application number. Please direct all communications prior to issuance to 
Mail Stop ISSUE FEE unless advised to the contrary. 

IMPORTANT REMINDER: Utility patents issuing on applications filed on or after Dec. 12, 1980 may require payment of 
maintenance fees. It is patentee’s responsibility to ensure timely payment of maintenance fees when due. 

PTOL-85 (Rev. 01/06) Approved for use through 04/30/2007. 
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PART B - FEE(S) TRANSMITTAL 

Complete and send this form, together with applicable fee(s), to: Mail Mail Stop ISSUE FEE 
Commissioner for Patents 
P.O. Box 1450 
Alexandria, Virginia 22313-1450 

or Fax (571)-273-2885 

INSTR.UC. TI.O,N, S,: .,This form shou, ld be us.ed..for.,tran~smitting .the ISSU.E FEE .and P~UBLICA,TION FEE (if.required). Blocks I through 5 should be completed where 
appropriate. An namer corresponaence including me Patent, advance oraers aria notincation o] maintenance xees will be mailed to the current correspondence address as 
indicated unless corrected below or directed otherwise in Block 1, by (a) specifying a new correspondenee address; and!or (b) indicating a separate "FEE ADDRESS" for 
maintenance fee notifications. 

CURRENT CORRESPONDENCE ADDRESS (Rote: Use Black I fur any change ofaddre~) Note: A certilicate of mailin~ can only be used for domestic mailings of the 
Fee(s) Transmittal. This certificate cannot be used for any other accompanying 
papers. Each additional p_aper, such as an assignmont or formal drawhig, must 
i~ave its own certificate of mailing or transmissmn. 

021005 7590 05/11/2006 

HAMILTON, BROOK, SMITH & REYNOLDS, P.C. 
530 VIRGINIA ROAD 

Certificate of Mailing or Transmission 
I hereby certify that this Fee(s) Transmittal is being deposited with the United 
States Postal Service with sufficient postage for first class mail in an envelop.e 
addressed to the Mail Stop ISSUE FEE address above, or being facsinnle 
transmitted to the USPTO (571) 273-2885, on the date indicated below. P.O. BOX 9133 

CONCORD, MA 01742-9133 

APPLICATION NO. [ FILING DATE 

10/487,810 09/10/2004 

TITLE OF INVENTION: OPTICAL PROCESSING 

FIRST NAMED INVENTOR 

Melanie Holmes 

ATTORNEY DOCKETNO. I 

3274.1003-000 

(Depo~ito~ name) 

(Signature) 

Orate) 

CONFIRMATION NO. 

3616 

I 

I 
nonprovisional YES $ 700 

EXAMINER 
I 

ART UNIT 

BEN, LOHA 2873 

I 

I 

PUBLICATION FEE 
I 

TOTAL FEE(S)DUE 

$300 SlO00 

CLASS-SUBCLASS             ] 

359-279000 

DATE DUE 

08/11/2006 

1. Change of correspondenco address or indication o f"Fee Address" (37 
CFR 1.363). 

I~ Change of correspondence address (or Change of Correspondence 
Address form PTO/SB/122) attached. 

[] "Fee Address" indication (or "Fee Address" Indication form 
PTO/SB/47; Rev 03-02 or more recent) attached. Use of a Customer 
Number is required. 

2. For printing on the patent front page, list 

(1) the names of up to 3 registered patent attorneys 1 
or agents OR, alternatively, 

(2) the name o f a single firm (having as a member a 2 
registered attorney or agent) and the names of up to 
2 registered patent attorneys or agents. If no name is 3 
listed, no name will be printed. 

3. ASSIGNEE NAME AND RESIDENCE DATA TO BE PRINTED ON THE PATENT (print or type) 

PLEASE NOTE: Unless an assignee is identified below, no assignee data will appear on the patent. If an assignee is identiiied below, the document has been filed for 
recordation as set forth in 37 CFR 3.11. Completion of this form is NOT a substitute for filing an assignment. 

(A) NAME OF ASSIGNEE (B) RESIDENCE: (CITY and STATE OR COUNTRY) 

Please check the appropriate assignee category or categories (wiLl not be printed on the patent) : [~ Individual [~ Corporation or other private group entity [] Government 

4a. The following fee(s) are enclosed: 

[] Issue Fee 

[] Publication Fee (No small entity discount permitted) 
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.. The MAILING DATE o~ this communication appears on the cover sheet with the correspondence address-- 

All claims being allowable, PROSECUTION ON THE MERITS IS (OR REMAINS) CLOSED in this application. If not included 
herewith (or previously mailed), a Notice of Allowance (PTOL-85) or other appropriate communication will be mailed in due course. THIS 
NOTICE OF ALLOWABILITY IS NOT A GRANT OF PATENT RIGHTS. This application is subject to withdrawal from issue at the initiative 
of the Office or upon petition by the applicant. See 37 CFR 1.313 and MPEP 1308. 

1. [] This communication is responsive to Applicant’s papers dated 2/26/2004. 

2. [] The allowed claim(s) is/are 1-14. 

3. [] Acknowledgment is made of a claim for foreign priority under 35 U.S.C. § 119(a)-(d) or (f). 

a)[] All b)[]Some* c)[]N0ne of the: 

1. [] Certified copies of the priority dscuments have been received. 

2. [] Certified copies of the priority documents have been received in ApplicationNo. __ 

3. [] Copies of the certified copies of the priority documents have been received in this national stage application from the 

International Bureau (PCT Rule 17.2(a)). 

* Certified copies not received: ~ 

Applicant has THREE MONTHS FROM THE "MAILING DATE" of this communication to file a reply complying with the requirements 
noted below. Failure to timely comply will result in ABANDONMENT of this application. 
THIS THREE-MONTH PERIOD IS NOT EXTENDABLE. 

4. [] A SUBSTITUTE OATH OR DECLARATION must be submitted. Note the attached EXAMINER’S.AMENDMENT or NOTICE OF 
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5. [] CORRECTED DRAWINGS ( as "replacement sheets") must be submitted. 

(a) [] including changes required by the Notice of Draftsperson’s Patent Drawing Review (PTO-948) attached 
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(b) [] including changes required by the attached Examiner’s Amendment / Comment or in the Office action of 

Paper No./Mail Date ~ 

Identifying indicia such as the application.number (see 37 CFR 1.84(c)) should be written on the drawings in the front (not the back) of 
each sheet. Replacement sheet(s) should be labeled as such in the header according to 37 CFR 1.121(d). 

6. [] DEPOSIT OF and/or INFORMATION about the deposit of.BIOLOGICAL MATERIAL must be submitted. Note the 
attached Examiner’s comment regarding REQUIREMENT FOR THE DEPOSIT OFBIOLOGI.CAL MATERIAL. 
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1, [~’Notice of References Cited (PTO-892) 

2, ’[-I Notice of Draftperson’s Patent Drawing Review (PTO-948) 

3, [] Information Disclosure Statements (PTO-1449 or PTO/SB/08), 
Paper No./Mail Date 0204;1004 

4. [] Examiner’s Comment Regarding Requirement for Deposit 
of Biological Material 

5. [] Notice of Informal Patent Application (PTO-152) 

6. [] Interview Summary (PTO-413), 
Paper No./Mail Date __ 

7. [] Examiner’s Amendment/Comment 

8. [] Examiner’s Statement of Reasons for Allowance 

9. [] Other__ 

U.S. Patent and Trademark Office 

PTOL-37 (Rev. 7-05) Notice of Allowability Part of Paper No./Mail Date 0506 
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Application/Control Number: 10/487,810 
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EXAfl/IINER’S AMENDMENT 

An examiner’s amendment to the record appears below. Should the changes 

and/or additions be unacceptable to applicant, an amendment may be filed as provided 

by 37 CFR 1.312. To ensure consideration of such an amendment, it MUST be 

submitted no later than the payment of the issue fee. 

The application has been amended as follows: 

In the Specification 

Page 27, line 29, and page 29, line 9, "aluminium" has been replaced with - 

aluminum --. 

In the Claims 

In claim 12: line 3, "sensors" has been replaced with - sensor devices - to be 

consistent with line one of the claim.. 

In cl.aim 14: line 12, after "arranged", "," has been deleted; and line 13, after 

"data",.--, -- has been inserted ( see claim 11 ). 

Claims 15-28 are non-elected claims as a result of a reply to the Restriction 

Requirement dated March 7, 2006. Therefore, claims 15-28 have been cancelled in 

order to pass the present case to issue. 

REASONS FOR ALLOWANCE 

The following is an examiner’s statement of reasons for allowance: Best 

reference noted appears to be Amako et al. However, Amako et al’s invention, having a 

phase modulation-type liquid crystal spatial light modulator that is used to control 

the wavefront of a light emitted from a light source to produce a plurality of image. 
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patterns on an object material, is for reproducing an original image through utilizing 

an electric processing means which sequentially generates a plurality of computer 

hologram data groups to the spatial light modulator, with each of the data group 

representing an image frame. The device of the present invention, on the other hand, 

has a two-dimensional array of controllable phase-modulating elements 

delineated in groups by a control circuit, wherein each group receives a respective 

hologram generated b.y a Control data selected from stored control data of the control 

circuit, which circuit is constructed and arranged to vary the delineation of all the groups 

and/or the selection of the control data, whereby, upon illumination of the groups by 

respective light beams, respective light beams emerging from the groups are " 

controllable independently of each other. 

AnY comments considered necessary by applicant must be submitted no later 

than the payment-of the issue fee and, to avoid processing delays, should preferably. 

accompany the issue fee. Such submissions should be clearly labeled "Comments on 

Statement of Reasons for Allowance." 

Any inquiry concerning this communication or earlier communications from. the 

examiner should be directed to Loha Ben whose telephone number is (571) 272-2323. 

The examiner can normally be reached on Monday to Saturday, generally between 

12:00 noon to 8:00 p.m. 

If attempts to reach the examiner by telephone are unsuccessful, the examiner’s 

supervisor, Ricky.Mack, can be reached on Monday to Friday, at (571) 272-2333.. The 
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fax phone number for the organization where this application or proceeding is assigned 

is 571-273-8300. 

Information regarding the status of an application may be obtained from the 

Patent Application Information Retrieval (PAIR) system. Status information for 

published applications may be obtained from either Private PAIR or Public PAIR. 

Status information for unpublished applications is available through Private PAIR only. 

For more information about the PAIR system, see http://pair-direct.uspto.gov. Should 

you have questions on access to the Private PAIR system, contact the Electronic 

Business Center (EBC) at 866-217-9197 (toll-free). 

May 6, 2006 

LolmBen 
Pdmery ~Iner. 
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~0~0 

EXAMINER 
I 

AKT UNIT 

BEN, LOHA 2873 

I 

I 

PUBLICATION FEE 

$3O0 

CLASS-SUBCLASS 

359-279000 

TOTAL FEE(S) DUE 
[ 

DATE DUE 

08/11/2006 

$1~00 

1. Change of correspondence address or indication o f"Fee Address" (37 
CFR 1.363). 

I~ Change of correspondence address (or Change of Correspondence 
Address form PTO/SB/122) attached. 

[] "Fee Address" indication (or "Fee Address" Indication form 
PTO/SB/47; Rev 03-02 or more recent) attached. Use of a Customer 
Number is required. 

2. For printing on the patent front page, list 

(1) the names of up to 3 registered patent attorneys 1 
or agents OR, ahematively, " 

(2) the name of a single firm (having as a member a 2 
registered attorney or agent) and the names of up to 
2 registered patent attorneys or agents. If no name is 3 
listed, no name will be printed. 

Hamilton, Brook, Smith 
& Reynolds, P.C. 

3. ASSIGNEE NAME AND RESIDENCE DATA TO BE PRINTED ON THE PATENT (print or type) 

PLEASE NOTE: Unless an assignee is identified below, no assignee data will appear on the patent. If an assignee is identified below, the document has been filed for 
recordation as set forth in 37 CFR 3.11. Completion of this form is NOT a substitute for filing an assignment. 

(A) NAME OF ASSIGNEE                                 (B) RESIDENCE: (CITY and STATE OR COUNTP, Y) 

Thomas Swan & Co Ltd.                         United Kingdom 

Please check the appropriate assignee category or categories (will not be printed on the patent) : [] Individual ~1 Corporation or other private group entity [] Government 

4a_ The following fee(s) are enclosed: 

~1 Issue Fee 

[] Publication Fee (No small entity discount permitted) 

[] Advance Order - # of Copies 1 5 

5. Change in Entity Status (from status indicated above) 

[] a. Applicant claims SMALL ENTITY status. See 37 CFR 1.27. 

4b. Payment of Fee(s): 

[~ A check in the anaount el’the fee(s) is enclosed. 

[] Payment by credit card. Form PTO-2038 is attached. 

[~q The Director is hereby authorized ~:l~r~:~-~, ~r’~e~i~-’J~t~rverpayment, to 
Deposit Account Number    0~_O3R~O         (enclose an extra copy ofth~s form). 

~1 b. Applicant is no longer claiming SMALL ENTITY status. See 37 CFR 1.27(g)(2). 

The Director of the USPTO is requested to apply the Issue Fee and Publication Fee (if any) or to re-apply any previously paid issue fee to the application identified above. 
NOTE: The Issue Fee and Publication Fee (if required) will not be accepted from anyone other than the apphcant; a registered attorney or agent; or the assignee or other party in 

- 

TTmark Office. 

7/~ 

interest as shown by the records of the United States Patet~L,~nd 

T edor nntedname - ~ r YP P " Timothy ,T. ~o~bpr Registration N~. 39,302 

This collection of information is required by 37 CFR 1.311. The information is requixed to obtaio or retain a benefit by the pnblic which is to file (and by the USPTO to process) 
an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR 1.14. This collection is estimated to take 12 minutes to complete, including gathering, preparing, and 
submitting the completed application form to the USPTO. Time will vary depending upon the individual case. Any comments on the amount of time you requi~e to complete 
this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and Trademark Office, U.S. Department of Commerce,~P.O. 
Box 1450, Alexandria, Virginia 22313-1450. DO NOT SEND FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450, 
Alexandria, Virginia 22313-- 1450. 

Under the Paperwork Reduetion Act of 1995, no persons are required to respond to a collection of information unless it displays a valid OMB control number. 
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TJM/~\ ~ -- ,’,q,~_NN Docket No.: 3274.1003-000 

Date of Allowance: May 11, 2006 

k,~~ IN THE.UNITED STATES PATENT AND TRADEMARK OFFICE 

Affpli~zant: Melanie Holmes                                                      ’- 

Application No.: 10/487,810 Group: 2873 

372(c) Filing Date: September 10, 2004 Examiner: L. Ben 

Confirmation No.: 3616 

For: OPTICAL PROCESSING 

CERTIFICATE OF MAILING OR TRANSMISSION 
I hereby certify that this correspondence is being deposited with the United 

States Postal Service with sufficient postage as First Class Mail in an 
envelope addressed to Commissioner for Patents, P.O. Box 1450, Alexandria, 

VA 22313r1450, o~ is being facsimile..tra~, smitted to the Uni)dd States Patent 
and Trade/hark Ol~ce on:      /" )       _ ] /~.,~.---~ ~ 

-- Dat~ ~" Sign~turd I O 

Julie Kertyzak 

Typed or printed name of person signing certificate 

NOTIFICATION OF REQUEST FOR REMOVAL OF SMALL ENTITY STATUS 

Mail Stop ISSUE FEE 
Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

Sir: 
Applicant requests removal of small entity status for this application pursuant to 37 

C.F.R. § 1.27(g)(2). 

Respectfully submitted, 

HAMILTON, BROOK, SMITH & REYNOLDS, P.C. 

By 
Timoth’y’ J. Meagher~,,) / 

~ 
- 

Registration No. 39,302 / ’ 

Telephone: (978) 341-00~6 
Facsimile: (978) 341-0136 

Concord, MA 01742-9133 

Date: 7/~,-~/(~ 
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UNITED STATES PATENT AND TRADEmarK OFFIOE 

*BIBDATASHEET* 
Bib Data Sheet 

UNITED STATES DEPARTMl~NT OF COMMERCE 
United States Patent and Trademark O~fice 

Addre~: COMMISSIONER FOR PATENTS 
EO. BOX 1450 
Alexand~a, V’u~inh 22313-1450 

CONFIRMATION NO. 3616 

SERIAL NUMBER 
10/487,810 

FILING OR 371(c) 
DATE 

09/10/2004 

RULE 

CLASS 

359 

GROUP ART UNIT 

2873 

ATTORNEY 
DOCKET NO. 

3274.1003-000 

APPLICANTS 
Melanie Holmes, Ipswich, UNITED KINGDOM; 

** CONTINUING DATA ****************** ....... 
This application is a 371 of PCT/GB02/04011 09/02/2002 

** FOREIGN APPLICATIONS ******************** 

UNITED KINGDOM 01213081 09/03/2001 

--oreign Priority claimed     [] yes [] no 

35 USC 119 (a-d) conditions [] yes [] no [] Met after 

~et Allowance 
#edfied and 
~cknowled~ed Examiner’s Signature Initials 

~.DDRESS 
321005 

STATE OR 
COUNTRY 

UNITED 
KINGDOM 

SHEETS TOTAL 
DRAWING CLAIMS 

36 28 

INDEPENDEN1 
CLAIMS 

13 

tITLE 

DPTICAL PROCESSING 

FILING FEE 
RECEIVED 

1327 

FEES: Authority has been given in Paper 
No. to charge/credit DEPOSIT ACCOUNT 
No. for following: 

II-’1 All Fees 

I1--1 1.16 Fees ( Filing ) 

[-I 1.17 Fees ( Processing Ext. of 

time ) 

I1-1 1.18 Fees ( Issue ) 

I[] Other 

I[] Credit 
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COPY FOR CONTINUING 

COPY 
DOCKET NO. 3274.1003-000 

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

Declaration for Patent Application 

[ ] Supplemental (37 C.F.R. §1.67) 

As a named inventor, I hereby declare that: 

My residence, mailing address and citizenship are as stated next to my name; 

I believe I am the original, first and sole inventor (if only one name is listed) or an original, first and joint 
inventor (if plural names are listed in the signatory page(s) commencing at page 2 hereof) of the subject matter which 

is claimed and for which a patent is sought on the invention entitled 

OPTICAL PROCESSING 

the specification of which (check one) 

[ ] is attached hereto. 

[] 

ix] 

was filed on [ ] as United States Application Number [ ]. 

was filed on 2 September 2002 as PCT International Application No. PCT/GB02/04011 and assigned 
United States Application No. 10/487,810. 

[ ] and was amended on [ ] (if applicable). 

I hereby state that ! have reviewed and understand the contents of the above-identified specification, 
including the claims, as amended by any amendment referred to above. 

I acknowledge the duty to disclose information which is material to patentability as defined in 37 C.F.R. 

§ 1.56, including for continuation-in-part applications, material information which became available between the 
filing date of the prior application and the national or PCT international filing date of the continuation-in-part 
application. 

I hereby Claim foreign priority benefits under 35 U.S.C. 119 or 365 of any foreign application(s) for patent 

or inventor’s certificate, or of any PCT international application which designated at least one country other than the 
United States of America, listed below and have also identified below, by checking the box, any foreign application 
for patent or inventor’s certificate, or of any PCT international application having a filing date before that of the 
application on which priority is claimed: 

Prior Foreign Application(s) Priority Certified 
Not Copy Filed? 

Claimed YES NO 

0121308.1 Great Britain 03/September/2001 [ ] [ ] [ X ] 

(Number)                   (Country)            (Day/Month/Year filed) 

[ ]    [ ]    [ ] 
(Number)                   (Country)            (Day/Month/Year filed) 

TSO001158 
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I hereby declare that all statements made herein of my own knowledge are true and that all statements made 

on information and belief are believed to be true; and further that these statements were made with the knowledge 
that willful false statements and the like so made are punishable by fine or imprisonment, or both, under Section 
I001 of Title 18 of the United States Code and that such willful false statements may jeopardize the validity of the 

applica.tion or any patent issued thereon. 

Full name of sole 

or first inventor Melanie Holmes 

Inventor’s Signature /L/~/~"~e- /__~1/,~-3 Date ~ .O~ "O/’/-- 

Residence 39 Orford Street 

Ipswich IP1 3PE Great Britain 

Citizenship Great Britain 

Mailing Address Same as above 

@PFDesktop\::ODMA/MHODMA/HBS R05 ;iManage;459016; 1 
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~ ER 

HAMIL~ 

OF ATTORNEY~OR 

.N, BROOK, SMITH & REYN~ .DS, P.C. COPY 
~U~Y FOR CONTINUII~ ~4pplicationNumber 

10/487,810 

APPLICATION 
International Filing Date 2 September 2002 

First Named lnventor Melanie Holmes 

AUTHORIZATION OF AGENT AND 

CORRESPONDENCE ADDRESS 

Confirmation Number 

Group Art Unit 

Examiner Name 

Attorney Docket Number 3274.1003-000 

Title 
! 

OPTICAL PROCESSING 

I/We hereby appoint 

[ x ] the attorneys/agents associated with Customer No. 021005 

[ ] Practitioner(s) named below: 

as my/our attorneys/agents to prosecute the application identified above, including any continuation or divisional 
applications thereof, and to transact all business in the United States Patent and Trademark Office connected 
therewith. 

The correspondence address for the above-identified application is: 

[X] Customer Number 021005 

Hamilton, Brook, Smith & ReynOlds, P.C. 

530 Virginia Road 

P.O. Box 9133 

Concord, Massachusetts 01742-9133 

[ ] Other 

Please direct all telephone calls and facsimiles to: 

Name -Timothy J. Meagher, Esq. Tel. No. 978-341-0036    Fax No. 978-341-0136 

I am the: 

[ ] Applicant/Inventor. 

[ X ] Authorized representative of the Assignee, Thomas Swan & Co. Ltd., of the entire interest. See 37 C.F.R. § 
3.71. A Statement under 37 C.FoR. §3.73(b) is enclosed. 

[ ] Authorized representative of the Assignee, [ ], together with [ ], of the entire interest. A Statement under 
37 C.F.R. § 3.73(b) is enclosed. 

SIGNATURE of Applicant or Assignee of Record 

Name & Title 

Signature ~___ ~,,~,~ ~..%_ 

Date 
~=ktop~:ODM~OD~SR05;~a~e;459~0;1 
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COPY FOR CONTINUING 
APPLICATION 

Docket No. 

STATEMENT UNDER 37 C.F.R. § 3.7309) 

COPY 
3274.1003-000 

Inventor(s):. 

Application No./Patent No.: 

For: 

Melanie Holmes 

10/487,810 

OPTICAL PROCESSING 

International Filing Date: 2 September 2002 

Thomas Swan & Co. Ltd. 
(Name of Assignee) 

states that it is 

a. .IX ] 

B. [] 

, a corooration , 
(Type of Assignee, e.g., cx~oration, parmership, university, government agency, etc.) 

the assignee of the entire right, title and interest in the patent application identified above; or 

an assignee together with [ ] of the entire right, title and interest in the patent application identified 
above. 

The right, tffle and interest of the above-named assignee in the patent application identified above is established by virtue of: 

A. [ X ] An assignment from the inventor(s) of the patent application identified above. The assignment was recorded in the Patent 
and Trademark Office at Reel             , Frame                 , or a copy thereof is attached. 

OR 

B. [ ] A chain of title from the inventor(s) of the patent application identified above, to the current assignee as shown below: 

From: To: 
The document was recorded in the United States Patent and Trademark Office at 
Reel           , Frame             , or a copy thereof is attached. 

From: To: 
The document was recorded in the United States Patent and Trademark Office at 
Reel            , Frame             , or a copy thereof is attached. 

From: To: 
The document was recorded in the United States Patent and Trademark Office at 
Reel           , Frame             , or a copy thereof is attached.. 

[ ] Additional documents in the chain of title are listed on a supplemental sheet. 

The undersigned (whose title is supplied below) is authorized to act on behalf of the assignee. 

Date: 

Name: 

Title: 

Signature: 

~ktopk:ODM~OD~BSR05;~591 
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COPY 
NOT FOR RECORDATION 

Docket No. 3274.1003-000 

ASSIGNMENT 
SoIc 

WHEREAS, I, Melanie Holmes, have invented a certain improvement in Optical 
Processing, descrlb~d in an application for Patent, 

[] 

[] 

[] 

the specification of which is being executed on even date herewith a~td is about to 

be filed in the United States Patent Office (use for 3 7 CFR §J.53(b)f!ling~ only); 

is about to be filed in the United States Patent Office as a Provisional Application; 

the specification of which is United States Application No.[ |, filed [ ]; 

the specification Of whi.cla is a Patent Cooperation Treaty Application, 

International Application No: PCT/GB02104011, which designates the Ut~ited 
States of A~neriea; 

[ ] which was patented under United Stateg Patent No. [ ]. 

WHEREAS, Thomas Swan & Co. Ltd. 0acreinafter "ASSIGNEE"), a corporation 
organized and existing under the laws o~� the United KJ!~.gd.ortL and having a usual place of 
business at Crookhall, Consort, Co. Durham DH8 7ND, United Kingdonl, desires to acquire 
an interest therein in accordance with agreements duly entered into with me: 

NOW, THEP~EFORE, to all whom it may coneer~, be it known that for and in 

consideration of said agreements and of orb.or good and valuable consideration, the receipt tff 
which is hereby acknowledged, I have gold, assigned and transferred and by these presenm do 
hereby sell, assigns and transfer unto said ASSIGNEE, its succe.~sors, assigns a~d legal 

. representatives, the entire right, title and interest in and rkiroughour the United States of America, 
its territories and all foreign countries, in and tO sa~ inventior~ as described ha said application, 

together with the matire right, title and interest m and to said application and such Letters Patent 
a-~ may issue 0~ said. invention; said invention, application and Letters Patent re be held and 

enjoyed by said ASSIGNEE for its own use and behalf and for its successors, as.~igns and legal 
representative~, to the full end of the term for which said Letters Patent maybe ~ran~ed ~ fully 

and enti~ly as the sin-no would have been hela by me had this assignment and sale net been 

made; I hereby corlvey all rights arising under or pursuant to any and all international 

agree~ejats, treaties or law~ relating to the protection of industrial property by f!!~r~g any such 
applieation~ for Letters Patent. I h~reby a~knowleage thin ~his assignment, being of the entire 
right, title and interest in and to ~aid inverltion, carries with i~ the right in ASSIGNEE to apply 

for and obtain from competent our-heretics in all countries of the world any and all Letters Patent 
by attorneys and agenr~ of ASSIGINr~I~.,s selection a~d the right to procure the grant of all .ouch 

Le~er~ Patent to ASSIGNEE/’or its own name as assignee oftb.e entire right, title and interest 

therein; 

AND. I hereby .fttrr_her aBree for myself and my executors and administrators to execute 
upon request any other lawful documents and likewise to perform any other lawful acts which 
may be deemed necessm~y to secure fully the aforesaid invention to said ASSIGNEE, its 
successors, assigns and legal representaIives, but at its or their expense and charges, inoluding the 

005/009 
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Docket No. 3274.1003-000 

execution ofapplicalSons for patents ~ foreig~ countries, and the execution of any further 
applications includh~.g substitution, reissue, divisional or eon~uation epplica~o~, ~d 
p~l~J~a~y or o~er ~mtem~ts ~d ~e giving of tcs~ony in ~y inte~erenee or o~ 
proceeding in w~eh said ~vention or ~y appUcafio~ or paxent d~ected ~ereto may be mvolv~; 

AND, I do hereby authorize and request each Patent Office and the Commissioner of 
Patents of the U~dted Stateg to issue such Letters Patent as shall be ga~nted upon sa~d invention to 
said ASSIGINEE, its successors, assigns, and legal representa6.ves. 

Witness 

Address 

Inventor 

Melanie HoLmes 

Address 39 Or£ord Street 

~l~I __swieh lrp.1. 3PE Great Britain 

TSO001163 



UNITED STATES PATENT AND TRADEIV~d~ OFFICE 
U-NITED STATES DEPARTMENT OF ~OMMERCE 
United States Patent and Trademark Of~ce 

Addre~:COIV~SSIO~ER FOR PATENTS 
P.O. Box 1450 
Almumdria, ~]]hda 22313-1450 

APPLICATION NUMBER I FILING OR 371 (c) DATE I FIRST NAMED APPLICANT I ATTY. DOCKET NO./TITLE 

10/487,810 09/10/2004 Melanie Holmes 3274.1003-000 

021005 
HAMILTON, BROOK, SMITH & REYNOLDS, P.C. 
530 VIRGINIA ROAD 
P.O. BOX 9133 
CONCORD, MA 01742-9133 

CONFIRMATION NO. 3616 

*OC000000020974413* 
*OC000000020974413* 

Date Mailed: 10/25/2006 

NOTICE OF ACCEPTANCE OF POWER OF ATTORNEY 

This is in response to the Power of Attorney filed 10/12/2006. 

The Power of Attorney in this application is accepted. Correspondence in this application will be mailed to the 
above address as provided by 37 CFR 1.33. 

TIM~LL               - 
PATDACAP (571) 272-4200 

OFFICE COPY 
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UNITED STATES PATENT AND TRADEMARK OFFICE 
UNITED STATES DEPARTMENT OF COMMERCE 
United States Patent and Trademark Office 
Address: COMMISSIONER FOR PATENTS 

P.O. Box 1450 
Alexanchia, Virginia 22313-1450 
www.uspto.gov 

I 
10/487,810 12/05/2006 7145710 

l A TTORNEY DOCKET NO. 
1 

CONFIRMATION NO. 

3274.1003-000 3616 

21005 7590 11/15/2006 

HAMILTON, BROOK, SMITH & REYNOLDS, P.C. 
530 VIRGINIA ROAD 
P.O. BOX 9133 
CONCORD, MA 01742-9133 

ISSUE NOTIFICATION 

The projected patent number and issue date are specified above. 

Determination of Patent Term Adjustment under 35 U.S.C. 154 (b) 
(application filed on or after May 29, 2000) 

The Patent Term Adjustment is 122 day(s). Any patent to issue from the above-identified application will 
include an indication of the adjustment on the front page. 

If a Continued Prosecution Application (CPA) was filed in the above-identified application, the filing date that 
determines Patent Term Adjustment is the filing date of the most recent CPA. 

Applicant will be able to obtain more detailed information by accessing the Patent Application Information 
Retrieval (PAIR) WEB site (http://pair.uspto.gov). 

Any questions regarding the Patent Term Extension or Adjustment determination should be directed to the 
Office of Patent Legal Administration at (571) 272-7702. Questions relating to issue and publication fee 
payments should be directed to the Customer Service Center of the Office of Patent Publication at (703) 
305-8283. 

APPLICANT(s) (up to 18 names are included below, see PAIR WEB site http://pair.uspto.gov for additional applicants): 

Melanie Holmes, Ipswich, UNITED KINGDOM; 

IR103 (Rev. 12/04) 
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UNITED STATES PATENT AND TRADEMARK OFFICE 
UNITED STATES DEPARTMENT OF COMMERCE 
United States Patent and Trademark Office 
Address: COMMISSIONER FOR PATENTS 

P.O. Box 1450 
Alexanchia, Virginia 22313-1450 
www.uspto.gov 

I 
10/487,810 12/05/2006 7145710 

l A TTORNEY DOCKET NO. 
1 

CONFIRMATION NO. 

3274.1003-000 3616 

21005 7590 11/15/2006 

HAMILTON, BROOK, SMITH & REYNOLDS, P.C. 
530 VIRGINIA ROAD 
P.O. BOX 9133 
CONCORD, MA 01742-9133 

ISSUE NOTIFICATION 

The projected patent number and issue date are specified above. 

Determination of Patent Term Adjustment under 35 U.S.C. 154 (b) 
(application filed on or after May 29, 2000) 

The Patent Term Adjustment is 122 day(s). Any patent to issue from the above-identified application will 
include an indication of the adjustment on the front page. 

If a Continued Prosecution Application (CPA) was filed in the above-identified application, the filing date that 
determines Patent Term Adjustment is the filing date of the most recent CPA. 

Applicant will be able to obtain more detailed information by accessing the Patent Application Information 
Retrieval (PAIR) WEB site (http://pair.uspto.gov). 

Any questions regarding the Patent Term Extension or Adjustment determination should be directed to the 
Office of Patent Legal Administration at (571) 272-7702. Questions relating to issue and publication fee 
payments should be directed to the Customer Service Center of the Office of Patent Publication at (703) 
305-8283. 

APPLICANT(s) (up to 18 names are included below, see PAIR WEB site http://pair.uspto.gov for additional applicants): 

Melanie Holmes, Ipswich, UNITED KINGDOM; 

IR103 (Rev. 12/04) 
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