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ELECTRO-OPTICAL COMPONENT
'HAVING A RECONFIGURABLE PHASE STATE

'BACKGROUND OF THE INVENTION
1. Field of the Invention

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 d1v1s10n multlplexmg (DWDM) networks photonics 81gna1

processing, and free space laser communication.

2. e Description of the Prior Art

‘One of the most critical elements within the framework of :optical iral_i_Sport :

- 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 of terabits per second. An optical cross connection
may be accomphshed by erther a hybrid approach or by an all-optlcal approach

The hybnd approach converts an optical data stream into an electromc data
'stream. It uses an electronic cross connection, and then performs an electrical-optical
conversion, There is an mhe_rent problem with the hybrid approach when used ina

networked errw}ironment. Historically, microprocessor speed has doubled almost

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

thus causing 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 impiemented in metropolita.n and long-hanl
networks. Optical carrier 48 (OC-48) is one of the layers of hierarchy ina
'corwen'c‘iona.l*’syhchronous optical network (SONET). The procedure of optical-

1
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electrical—optic‘al (OEO) conversion becomes more difficult as the speed of the link
reaches OC-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. V

The all optical approach performs the cross connection entirely in the optical
doma.m 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 NxN to represent the dimension of the OXC, i.e. the number of
input and output ports, then N is typically between 2 and 32 for an all optical OXC.
However, larger dimension OXCs, with N up to several hundreds or even a thousand
, _ere contemplated; Many propoéed optical cross-connect architectures include a setof . .
optical space switches capable of switching a large number of input and output fibers.
However, despite a sighiﬁcant investment for developtrtent of an all photonics OXC,
it is presently a major challenge to desxgn areliable all photonics, non—bloclcmg, low -
loss, scalable and reconﬁgurable optical sw1tch, even forN in the order of 32-40.

| - Several different technologies hav_e been tried for optical intercdnnects, 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 of input and output ports.

_ For example, guided wave systems use nonlinear electro-optic components,
sometimes with diffraction effects, to couple 6ptical signals from one fiber wave- - =
guide to another. Prominent attention in this class of devices has been gi\)en to fiber
Bragg switches and other fiber pfoximity coupling schemes such as devices.using -
electro-optic effects in lithium niobite, silica or polymer based materials. | A limitation
of these switch mechanisms is scalablhty It is_difficult to construct guided. wave
sw1tches greater than an 8x8 size because they use substrates of limited size.- The
interconnection of several small switches to construct a large switch is also- -

impractical because of the bulkiness of optical fiber harnesses.
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-An advantage of a free-space optlcal SW1tchmg system is that it can exp101t the
non-mterference property of optical sxgnals to switch a large number of optical ports.

“The two most common mechanisms for beam steering in this class of devices are

diffraction and mechanical steering. -

For mechanical beam steering devices, a good deal of development effort
appears to be concentrated on mirrors using mlcro electro mechanical systems
(MEMS) Several devices being manufactured commermally, such as the Lambda
Router™ from Lucent Technologies, Inc.

Another m‘echanicai approach that has received conside'rable attention is the

use of micro-“bubbles”, such as in the N3 565A “32x32 Photomc Switch”, offered by

Agllent Technologles Ina mxcro-bubble system, the index of refractlon ofa
transmission media is modlﬁed by mechanically moving a mlcroscoplc bubble in the

media. h

- Disadyantages of a MEMS-based switch include limitations relating to
mechamcal thermal and electrostatic stabxhty A MEMS-based switch typically '
requires continious adaptive alignment to mamtam a connection and its reliability is a-
function of that adaptlve a.hgnment Another dlsadvantage of the MEMS-based
switch is its optlcs which typically require highly collimated optical paths, usually

: employmg microlenses that cannof significantly diffract the hght beam.

In diffractive steering, an optical signal is redirected ﬁsing a phase hol_ogram;
also known as a grating or a difﬁ'action pattern, recorded on a spatial light modulator.

Several materials have been proposed for use in such systems, mcludmg m-v

| semlconductors such as InGaAs/InP, and liquid crystal on 5111con systems (LCOS)

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

optlcal components, such as lasers and optical amphﬁers can be incorporated i into a
circuit, thus allowing the poss1b1111:y of signal boosting at the switching stage. A
disadvantage of such materials is the cost and difficulty of large-scale manufecturing.
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SUMZMARY OF THE INVENTION

Itis an object of the present invention to provide an iinproved optical

component having a variable phase state.

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

optical swrtch in which a plurality of the components are configured in an array for

'phase modulatmg hght in order to steer the light from an input port to an output port
-by diffraction.

Itis yet a.nother object of the present 1nventlon to provide such a sw1tch in
whlch the array of phase modulatmg components and the parallel processmg

capability are both carried on the same substrate.

Itisa further object of the present invention to provide such a switch in which
the circuit computes a reconfigurable phése' pattern or-holegram to optimize the
performance ef the switch by reducing optieal_ losses, and to minimize the quanta of
optical signal falling into adjacent channels, i.e. crosstalk. '

Itisyeta further object of the‘present invention to provide such e 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—multicavsting. 4 |

. These and other objects of the present invention are providedby‘an electro-
optical component in accordance with the present invention. One embodiment
provrdes an electro—optlcal component comprising (2) a substrate (b) a phase-variable

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

representative of a phase state for the phase-variable element; and‘(d),. a controller -

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

element. Another embodiment prdvides an electro-optical eomponent comprising (a)

© RNCANCIN. ANy AIONDNDAY T
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a substrate, (b) a phase-vanable element carried on the substrate and (c) a circuit -

carried on the substrate for computmg a phase state for the phase—vanable element

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. lisa Schematlc representahon of an optlca.l sw1tch in accordance w1th the

. present invention.

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

Z optical switches in accordance with the present invention.

Fig. 3i is an ﬂlustratlon showmg a relatlonshlp between a hologram and its
replay field. '

~ Fig. 4isa s1de—sect10n view of a spatlal light modulator as used in an optlcal '

switch in accordance with the present invention.

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

variable elements and circuiuy on a substrate.

Flg 6 is a flowchart of an algonthm for generating a hologram by pro_]ectlon
of constramts ' ) '

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

present invention.
DESCRIPTION OF THE INVENTION

o An embodiment of the present invention provides for an eléctro-optical
co_mponent compn'sirig (a) a substrate, (b) a phaée—variable element carried on the
substrate, (é)- a mer.nory“carried on the substrate for storing data representative of a

phase state for the phase-variable element; and (d) a controller carried on the

5
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substrate for ut111zmg the data and setting the phase state for the phase-vanable

‘élement. The component can be employed in an optical switch to direct hght from a

first port to a second port.

-~ Another embodiment of the present invention provides for an electro-optical
component compnsmg (2) a substrate, (b) a phase-vanable element carried on the
substrate, and (c) a circuit carried on the substrate for computmg a phase state for the o

phase-variable element. This component can also be employed in an optlcal switch to

 direct light from a first port to a second port.

In another embodlment the optical sw1tch 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 light
from a first port to a second port.

The optical sw1tch uses a dyna.rmc beam steering phase hologram wntten onto
a lquId crystal over s1l1con (LCOS) spatial light modulator (SLM) A phase

" hologram is a transmissive or reﬂectlve element that changes the phase of light

- 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 more input fibers to

- one or more output fibers.

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

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

reflective, are sometimes referred to as “pixels”, i.e., picture clements.

~ Fig.7isa schematic representation of an optit_:al switch 700 in ac'cordance _
with the present_ invention. The principal elements of switch 700 include an input port
705, a spatial light modulator (SLIVI) 715, and a plnrality of ontput ports 725A, 725B.
and 725C; A first lens 710 is interposed between input port 705 and SLM 715, anda
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second lens 720 is interposed between SLM 715 and output ports 725A, 725B and

 725C.

Light from 1nput port 705 is cast upon lens 710, wh1ch colhmates the light and
pro_]ects 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, 725B and 725 C. A

hologram produced on SLM 715 dlrects the light to one or more of output ports 725A,
725B and 725C. In Fig. 7, the hght 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 (2) an element, shown in Fig. 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.patterh that influences the direction in

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

~ the relative phasing, the light can be directed to a desired target. Liquid erystal 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, liquid crystal elements.

Circuit 740 sets the phase states for elements 735 for directing the lightfrom
input port 705 to output port 725A. That is, a hologram is produced by 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 725A

Fig. 1 is a schematic représentation 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 SLM
105. ' '

TS0000299
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Flber array 115 has a first port 120 and a second port 125. nght enters SWltch
100 via first port 120 and proceeds to lens 110, which is, for example, a Fourier lens:
having a pos1t1ve focal length. Lens 110 collimates the light. From lens 110, the light
is projected onto SLM 105. The light is reflected by SLM 105, and travels via lens
5 110to second port 125. As explained below, a holograxﬁ produced on SLM 105
steers the light from first port 120 to second port 125. |

SLM 105 is an elecﬁofopﬁcel couiponent'that includes a substrate 130 upon
. which is disbosed (a) a reflective element, shown in Fig. 1 as one of an array of
10  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, ‘
ie., tirne 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 ﬁght forms an
_ interference pattem that influences ihe direction in which the light is reﬂeoted As the
15 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 dlrectlon in
which the light is reflected.. A practical embodiment of array reflective elements 135
can be realized by employing a liquid crystal over an array of mirrors. |
20 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 140.also
compuies the‘hologram. The result of the'_hologram is projected on fiber afray 1 15,
with poihts of intensity at one or more poits 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 _
25 ﬁmctionality, first port 120 and second port 125 are preferabiy éach a bi-directional
input/output port. ' ' ' .

Fig. 2A is a schematic representation' of an optical switch 200 configured with _.
two SLMs 210 and 215, to provide a greater number of ports than that of the |
- 30 conﬁguratlon in Fig. 1. Sw:tch 200 also mcludes a ﬁrst ﬁber array 205, a second ﬁber
array 220, and a lens array 225. : R L ‘
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First fiber array 205 and second fiber array 220 are each an array of bi-
dlrectlonal fiber ports. Lens array 225 is a series of reﬁ'actlve optlcal elements that -

transfer one or more optical beams through switch 200.

Input signals in the form of Iight 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 ﬁbor array 220.

- SLMs 210 and 215 each have an array of phase-variable reflective elements on

 its surface to produce reoonﬁgurable phase holograms that control the deflection

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

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

Switch 200 abcommodates fiber arrays of a S'ubsfanﬁaﬂy greater dimension
than that of typical prior art switches. For example, first fiber array 205 and second
fiber array 220 may each have 1000 ports. : : L.

The optical configuration of switch 200 '_inﬂuenceé the distribution of the
pixels on each of SLMs 210 and 215, and the manner in which a holograni is
generated thereon. For example, the optical confi guration influences the size of thé
region on each of SLMs 210 and 215 onto which the light is projected. N

~ Fig. 2B is a schematic representation of an optical switch 250 in another
embodiment of the present invention. Switch 250 includes an input/output fiber array

230, a lens 235, e.g., a Fourier transform lens, an SLM 240 and a reflector 245.

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

lens 235 onto a first reglon 242 of SLM-240. SLM 240 produces a ﬁrst hologram in
first reg10n 242 that dlrects the hght to reflector 245, Wthh., in turn, directs thie i ght
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to a second region 247 of SLM 240. SLM 240 produces a second hologram in second
region 247 to direct the light through lens 235 and-onto a selected second port 234 of

| input/output fiber array 230.

Referriné agairl to Fig. 2A, the architecture in Fig. 2A can be made tbovmimic |
that of Fig. ZB-by “folding” switch 200 about a central point. That is, the architecture
of Fi g. 2A approaches that of Fig. 2B by placing a mirror at the central point so that
first fiber array 205 and secend fiber array 220 are side by side, and SLM 210 and
SLM 215 are side by side. 4

F ig. 3 ‘is an illustration showing erelationship between a hologram and its )
replay ﬁeld as cen 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 into, the reflective elements to provide phase-only
modulation of the incident light. The reflective elements diffract the light from first
fiber array 205 to produce phese hologram 305. Aﬂer a Fourier transform ofthe
hologram, a resulting diffracted pattern, also known as a replay field 310, is produced K
at second fiber array 220. . '

Note that replay field 310 shows 16 points of light. Fig: 3 ﬂlustrates a feature
of the present invention called multicasting. Ina mult1cast one mput port is coupled

to two or more output ports, i.e., simultaneous routing of light from one mput porttoa

- 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 of a 1 to 16 multicast hologram. In a similar fashion, the same set of

- holograms can also be used to route multiple input portsto a single output port,

referred to as multiplexing, prov1ded that the mputs have different wavelengths This

can be used for wavelength division mult1plex1ng (WDM)

AR A AImL A Admnnanas 1
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Fig. 4 shows a cross section of an exemplary. SLM 4(.)0‘in accordance with the
present inv.ention., The principal features of SLM 400 are a substrate 410 that carries
(a) a silicon die 405 containing a cirouit 406, (b) an array of mirrors 407, and (c) a
liquid cryStal element 415, which has a variable phase state. In Fig. 4, SLM 400 is" -
conﬁgured to show liquid crystal element 415 poSitioned upon array of mirrors 407,

. wh1ch is pos1t10ned upon c1rcmt 406. However any convement arrangement of these

- components is contemplated as bemg wﬁhm the scope of the present invention.

The phase shift of light through liquid crystal element 415 is varied, or set for
a speciﬁc‘value by applying an electric field across liquid crystal element 415.
Circuit 406 controls the phase state of liquid crystal element 415 by applying voltages g
to the array of mm'ors 407 and thus developmg the electric field across liquid crystal
element 415. In practice each mirror 407 influences the phase state of a region of
liquid crystal element 415 to which the mirror is adjacent. "‘I'hus circuit 406.controls
the phase state of a plurahty of reglons of liquid crystal element 415 by controlhng »

| ~ the md.lvxdual voltages applied to each of mirrors 407.

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

more subordinate circuits for executing portionsl of the processes or ancillary

functions. 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 element 415, and a controller for utilizing the data and setting the
phase states by applying signals to mirrors 407. Such data can be determined by an
external system in a calibration procedure during memufacturing of SLM 400, ‘or
durmg 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 phases states by applying signals to mirrors 407. .

11
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SLM 400 also includes, on top of liquid crystal elements 415, a glass' cover
420. Glass cover 420 has a layer 435 of Indium Tin Ox1de (ITO) to prov1de a return

' path conductor for s1gnals from circuit 406 via bond wxres 425.

On the optical side of SLM 400, the array of mirrors 407 allows for steering of
a light beam by producing a hologram using variable phase liquid crystal elements
415. In circuit 406, the following functionalities can be implemented:

e DC balance schemes inclucli_ng shifting and 'scrolling;

e Algorithms for reconfigurable beam steering and hologram generation;
e Generation of multicast hologram patterns;b

e Hologram tuning for crosstalk optimization

. Hologram tumng for adaptive port allgnment

e Phase aberration correction; and

X Additional processmg of vanous.network traffic parameters.

FlgS 5A - 5C illustrate severa.l viable arrangements of phase-vanable elements -
and c1rcu1try on the SLM of the present 1nvent10n Fig. 5A illustrates a die-based

»an'angement with a substrate 505 carrying c1rcu1try 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

51 SD), each operating as an independent SLM. Fig. 5B shows a substrate 519

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

520D, and an array of phase-van'able elements 525A, 525B, 525C and 525D,
respectively. Fig. 5C shows an individual phase—vanable element 535 and cucultry

530 for controlling phase-vanable element 535.

In Fig. 5A, c1rcu1t 510 controls the operation of the ﬁlll array of phase—varlable

: elements that is, each of 515A, 515B, 515C and 515D. Fig. 5A illustrates an

arrangement in which four holograms can be simultaneously produced i.e., one for
each of subsets 515A, 515B 515C and 515D. Circuit 510 computes a first phase- state
for subset 515A to direct a first light beam from a first port to a second port, and |

12
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'computes a second phase state for subset 515B to direct a second light beam from a

third port to a fourth port. Similarly for subsets 515C and 515D, circuit computes
respecnve phase states for routing of a third hght beam and a fourth light beam.

Because the phase states of the individuals in the array phase-vanable elements 515

| are md1v1dually reconﬁgurable circuit 510 can determine which of phase-variable

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

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

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

515B, 515C and 515D can be located adjacent to one ano’ther, or alternatively they
can be spaced apart from one another by a region of substrate 505 that does not

include any phase-variable elements.

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

per hologram, is about 100 x 100 pixels for good Gaussian beam performance

: Accordmgly, an array of 600 x 600 pixels provxdes for 36 holograms However the.

present invention is not limited to any particular dunensmn 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-altering 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.

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

include any phase—vanable elements. Gap 526 is located between phase-variable

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

phase-variable elements 525B and 525D.

The arrangement shown in Fig. 5A can deal with crosstalk in a manner
different from that of Fig. 5SB. In Fig. 5A, pixel subset 515A includes a_region of
pixels 516 A upon which a hologram is produced. Pixel subset 515A also includes a
subset of pixels 517A positioned along a peripheral edge of subset 516A. Subset

13
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517A1s thus a buffer region for preventing crosstalklbetween the hologram of subset

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

Also, as those skllled in the art will appreclate a hologram is shift invariant,

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

Thus, as a further unprovement, the phases of the pixels in subset 517A are set by
circuit 510 to take advantage of the shift invariant property of the hologram such that - -
a misalignment of the light beam incident on subset 515A will nevertheless produce . -
the desired hologram. Therefore, provided that the mlsahgnment is within a
predetermined tolerance, i.e., such that the incident light falls within the bounds of
subset 515A, the hologram is produced notthhstandmg a m1sal1gnment of the light -

from an input port.

To take further advantage of the reconfigurable capability of the optical
switch, circuit 510 receives a signal that represents whether light is being directed toa . )
particular port. This featureA enables circuit 510 to perform an adaptive optical
alignment, where circuit 510 receives an input signal indicating that the hght istobe - -
directed from a first port to a second port. Circuit 510 locates the second port and -
then optimizes the hologram to minirnize 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
recorrlputing the phase state for pikel subset 515A to suocessivoly redirect the light,
and by successivoly 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.l_; .
Hence, there are more positions'to which th_e 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,- cr'eating a near continuous numb.er L

of possible port positions at the output This means that if a hologram, at first, drrects
light such that the light slightly misses a desired port, the hologram ca.n be tuned or
adjusted so that the desired port is hit and optimum coupling is achieved.

14
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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 510 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 510 selects an appropriate hologfam 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 proj ected 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 mcldent,

and also determines a posmon 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 port’is lower than the optimum

level. Accordingly, circuit 510 computes the phases of the pixels in subset 517A so
that the hologram is produced by the elements of subset 518A, and thus the coupling
of light from the input port to the output port is improved. .In the corrprtation‘, the
circuit also considers parameters such as signal loss, crosstalk and Wavelength
Circuit 510 also adaptively alters the hologram to control the deﬂecuon ofa hght

signal to minimize fiber to fiber insertion loss.

" An important consideration when operating a liquid crystal device is DC )
balancing. DC balancing ensures that the liquid crystal ma_terial is not subjected to a
net DC electric field for more than some predetermined period of time, for example 1
or 2 minutes, before the field is reversed and _DC"bala.nced. For root-mean-square

(RMS) responding liquid crystals such as nematics, DC balancing is inherent in an

15

TS0000307



~ woo190823 - , I _ PCT/USO01/16174'

10 -

15

20

25

apphed AC field, but for l1qu1d crystals such as ferroelectncs DC balancing is more

d1fﬁcult, as reversing the field reverses the onentatmn of the molecules

A port to port connection may be continuously tna.intaine'cl for a long period of
time. That is, minutes, days, months or, in a case of a protection or latency switch, .
years. Good design p'raetice permits a maximnm allowable disturbance to the power
through the switch of 0.1dB, hence frame inversion schemes cannot be used. Onthe
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. Circuit 5 10 gradually shifts 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 frame update.
Accordingly, the image is only p.artially shifted, in sections, to avoid a glitch of more
then 0.1dB per frame change. o S
Refemng for example to Fig. SA, 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 multlple frames - In one embodiment the scrolling

sequence depends on hardwire connections in circuit 510. In‘an ‘alternative

~ embodiment, a programmable scrolling system permits variable connectlons between

the pixels such that each p1xe1 can be changed to allow different scrolling schemes:to -

be implemented to suit a particular application of the switch.

Tl1e present invention can employ any suitable hologram design algorithm, for
example including, but not hmlted to: | ‘

(a) direct calculation from a blazed grating or Bragg diffractive angle

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

(c) optimization by direct binary search,
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(@ optimization by simulated aﬂnealing (Boltzirlann annealing);'
(e) optumzatlon bya genetrc algonthm and
(f) optimization by constralned prOJectmn (Gerchberg—Saxton)

One technique for determining a'holo'gram'is by direct calculation from a

_quantized ideal phase proﬁle The ideal phase profile is obtained ﬁom the inverse

Fourier transform of the replay field. The continuous phase proﬁle is then quantized

. to the limited set of phase levels avallable

A hOlogranr can be calculated directly from the desired replay field via a
Fourier transform, however the resulting hologram Ais 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:

H@»=Fhey]
Once a hologram has been generated it can be evaluated by considering the

loss to the routed port and the crosstalk to the unrouted ports, as well as the range of
wavelengths that can be routed for less than a 0.1dB loss variation.. If the above-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 représented as having an -

amplitlide and phase component.
Hu,v)=H,, (u, V)e #)

An efﬁclent hologram can be made by using just the phase mformatxon, as the

amphtude does not contain much useful information for simple holographlc replay

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

B v) = 40

17

TS0000309



10

15

20

25

30

" WO 01/90823 : - : - PCT/US01/16174 -

Fora s'mgle 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 -

Aquantization required for liquid crystal technology is very robust. The continuous »
structure of the phase, holograni, # (u,v) means that it cannot easily be displayed in-an '
optical system using current SLM technology. There are techniques that can be used

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

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

The benefits-of using multi-level phase are significant, espeeially interms 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 symmetry that must be satisfied in the _

replay field. It is 1mpossrble to generate an asymmetnc replay ﬁeld with binary
phase hence half the light will always be wasted in the symmetry. If 4 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 geﬁeratecl_
by-r the 4-level quantization process, the cro'sstalk may not yet be ideal. ' 8-level phase
modulation is preferred, as it allows a maxrmum efficiency of 93% and also generates

much less structure 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 SLM to generate a binary phase hologram. A binary phase
hologram can be generated by opt1m1zat10n, by direct calculation or by quantlzatlon

- of the phase only 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 & ; and 2 The thresholdmg is

done such that:

ju o & <guv)<s,
2P0 )z Otherwise
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The selection of the two boundaries is b}{ exhaustive s_eaiching, as it depends
on the shape and structure of the desired replay field. The benefits of this search
process are not significant and it 1s only likely to improve the performance by a few
percent. A safe threshold that provides consistent resulis is d; = .7/, 8, = n/2. More
sophisticated thresholding teciinjques such as convolutional kernels and adaptive o

thresholds also give good results.

The hologram can be determined by direct calculation from the Bfégg angle.
A beam steering hologram for a single port can be modeled ideally as a Bragg gratmg
of pitch d that generates a diffracted beam at an angle & such that. '

" Sin 0 =md/A

where m is integer diﬂ‘ractéd order and is usually set at m = 1. The Blazed gfating
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 produced to generate a feasible routmg

hologram. This quantization algonthm can be incorporated into the circuit of the

present invention.

A quantity of n pixels on ihe hologram can be combined to generate an

‘ approxilnaﬁon to a blazed grating. This pfocess 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 combinations of pixels that will give

similar routing performance to the d'esired_ port, but different noise fields and therefore

" different crosstalk yélues.

30

The present invention can compute a hélc;gram using optimization by
simulated annealing or direct binéry search (DBS). There is no simple way of
generating a hologram for other than simple cases such as gratings and checkerboards.
In _orde'r’to create a hologram that generates an arbitrary replay field, a more ’

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

optimization techniques such as simulated annealing or DBS.

" The technique of DBS involves taking a holdgram of random pixel values and

) "éalc'u'léti'hg its replay field. The technique then flips the binary value of a randomly

positioned pixel and calculates the new 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 Qﬁa.nge. If the cost Tunction after
the pixel has been flipped is less than the cost function before the pixel was flipped,
then the pixel change is considered to be advémtageous 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.

The procedufe for direct binary search is summarized as follows:

(1) Definean ideal target replay field, T (desireci pattern).
2) Start with a random array of binary phase pixels.
" (3) Calculate its replay field (FT), Ho.
(4) Takethe dlﬂ‘erence between T and Hp and then sum up to ma.ke the first
" cost, Co.
>(5). Flip a pixel state in a random position.
(6) Calculate the new replay field, H1 : , :
7 Take the difference between T and Hj, then sum up to make the second -
" cost, C,. _ '
(8) IfCy<Cythen reject the pixel flip and flip it back.
(9) X Co > C; then accept the p1xe1 fhp and update the cost Co with the new
| cost C;.
(10) Repeat steps 5 through 9 until |Co - C1| reaches a m1mmum value:

More sophisticated techniques are requjred to fully exploit the possible

combinations of pixel values in the hologram. One such algorithm is simulated
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annealing, which uses DBS, but also includes a probabih'stic evaluation of the cost

- function that changes as the number of i 1terat10ns increases. The idea is to allow the

hologram to “float’ during the initial iteration, with good and bad p1xe1 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 use the Genetic

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

and simulated annea.lmg The GA is based on real evolution in blologlcal systems,

, oﬁen referred to ‘survival of the fittest”. The concept behind the GAi istousea

controlled mutation to evolve a generation of solutions and 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 crossfalk and

‘wavelength performance.

In the GA, members of 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 peol 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 the cost 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:

C={lgP-lg' ¥
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where g is the calculated output and g'is the desired target functlon or replay ﬁeld
The aim of optimization is to minimize the cost function and obtain a solution as close

as possible to the desired target.

Different schemes can be used for the mutation and crossover. For instance, a
stréight method of breeding would entail splitting the parents at random points and
then splicing them to obtain the offspring. However, alternative methods can be u'sed
in order to utiiize the whole area of parents. Alternative approaches can also.be
applied to the mutation process, such as random pixel changes each cyele, e.g., fer a
binary case this would be changing a 1 to —1. Altematively they can be done based on
a probabilifcy- where the mutation probability can be set to:

p=p,Q/ITYy

Where r and p, are parameters that depend on algorithm, and I7 is the number of

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

" multiplied by size of the object function:

N multation

=pxN

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

as follows:

- (1) Start- select arandom popplation of M member ﬁincfions and evaluate
their cost; )
(2 Reproduce select L (L<M) samples w1th lower values of cost function,
and discard the rest; o _ _
‘ €)) ' 'Crosso‘ver - make crossover between the L séeds to produc_e_ M-1
offsprmg, . |
(4) Mutation - mutate the offsprmg by randomly changmg the phase of

" elements;
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(5) . Evaluation - evaluate the cost function for the new offspring; and
'(6) Iteration - iterate steps (2) through (5) until the value of the cost ﬁ;rictioﬁ '

can not be reduced.

More soph1st1cated algonthms such as projection of constrained sets, also-

~ known as the Gerchberg—Saxton algorithm, can also be used to generate holograms

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

- mathematical process and involves the use of the fast Fourier transform (FFT).

Assuming an optical system _.w1th an illumination profile of I,(%,3) = a’(x,), and also
assuming a desire to generate a phase only hologram (x,y), then in the replay field of
the holograni there is a desired intensity distribution /p(%,%) = b, v) withan |
associated phase of ¢(u v), ‘which isvusua‘lly- left as a free parameter in the iterative

process. The process begins with the spemﬁcatlon of the desired distribution b(u v

‘and an estlmate of ¢g(u, v)

Fig. 6 is a flowchart of an algorithm for generating a hologram by projection:
of constrained sets. The algorithm begins with step\6.05. »

- Instep 605, the algorithrn' sets the desired output replay field maggitude, b, as
well as an initial replay field phase profile, ¢ which may be generated randomly.
Thereafter, the algorithm progresses to step 610. " ‘

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

from b and @. 'I‘hereaﬁer, the algorithm progresses_ to step 615.

25

30

In step 615, the algorithm computes the fast-inverse fourier transform (IFFT)
of the complex output optical field to obtain a value for the hologram plane complex
optical ﬁeld, f. Thereaﬁer the algorlthm progresses to step 620

In step 620, the algoﬁthm extracts the phase p.roﬁle from the hologram plane
complex optical field and based on the quantization levels available in the hologram,
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calculates a quantized phase proﬁle Y. Thereaﬁer, the a.lgorithrn progresses to step
625. | | o |

In step 625, the algorithm computes a new value for the hologram plane
complex optlcal field, £, based on the quantlzed phase profile Thereafter, the
algonthm progresses to step 630

In step 630, the algorithm computes the fast fourier transform (FFT) of the |

- hologram plane complex optical field to obtain a new value for complex optical relay

field, F°. Thereaﬂer, the algorithm progresses to Step 635.

In step 635, the algonthm extracts the magmtude of the replay field and
compares it with the desired target b. Ifthe difference between the replay field .
magnitude and the desired target is less than a pr_e-determmed value, then the
algoritllm progresses to step 640, otherwise the algorithm extracts a new value for the
phase profile ¢, and loops back to step 610, for another round of optimization. o

In step 640, the algorithm terminates.

' The iterative process of Fig. 6 is defined by the two counstraints in the system.
The replay field constraint is to generate the desired intensity distribution Jp(%,v) and
the constraints in the hologram plane are both the input illumination I(x,y) and the
restrictions on the phase only hologram ;l/(x, y) due to the required phase qﬁantization,

" e.g., binary, 4-level phase, or 8-level phase.

In a practical optical implementation of an optical switch, there are several
tradeoffs that must be made between switch performance optlcal componentry and
opto-mechanics. An example of this is the phase term generated when an object is not
placed in the focal plane of a Fourier transform lens. If an object, such as a hologram,
s(x.y) is placed a distance d from the focal plane of a positive lens with a focal length

7, then a spherical phase error term is add_ed to the Fourier transform of the object:
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7rA 1— (u +v’)

' S(u v)— T - —F [s(x y)]

The spherical phase term denoted by the exponential term in the fraction of
this equatioﬁ can lead to aberrations in the rest of the optical components as well as
poor launch efficiency 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 tracmg software package Once the error is known, it can be mcorporated into the
hologram design algonthm and the hologram can be made to compensate, and
therefore correct, for the phase error. This phase error correction can also be

1mp1emented within the circuit of the present invention. By mcludmg the phase error

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

part of the hologram calculation algorithm. Accordmgly, circuit 510 receives a signal
that represents a phase error of light at an output port, and in response to the signal,

_ ct;mputes the phase state for the phase-variable elements 515 to correct for the phase

CITorT.

The optical switch of the present invention can aléo arbitrate between selécted
output pdrts. Referring again to Fig. 5A, each of pixel array subsets 5154, 515B,
515C and 515D can be controlled to generate a routing hologram for any specified
output port or, in the case of a multicast, any set of a plurality of output pérts. :
Accc;rdingly, cn'cult 510 contains the routing information for all possible routing
configurations. SR ' '

_Circuit 510 receives an inpﬁt signal, i.e. a port allocation signal, indicating that
hght is to be directed from a partlcular first portto a partlcular second port. Such a
port allocation s1gna1 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. Inthe case of a clash, circuit 510 can take two possiblé courses of -aCtion_.

(i) Ifthere is a clash between output ports, then circuit 510 will provide a _
flag or other output si gnal indicating that a port con';ention has occurred. -
An upper layer of a network control structure can use this output signal.

(i) If a clash occurs, then circuit_MS 10 re-routes the light to an alternative
unused output port, i.e., a third port. Circuit 510 will also issue an output
signal indicating that the re-routiﬂg has occurred. An upper layer of a
network control structure can use this output signal.

. It should be understood that various alternatives and modiﬁdatibns can be
devised by those skilled in the art. The present invention is intended to embrace-all
such alternatives, modifications and variances that fall within the scope of the

apperided claims.
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WHAT IS CLAIMED IS: -

1. An electro-optical component comprising:
‘asubstrate;
. a phase—vanable element carried on said substrate;
a memory carned on said substrate for stonng data representative ofa phase
. state for said phase—vanable element; and . _ '
~ a controller carried on said substrate, for utlhzmg saxd data and settmg said

phase state for said phase-variable element.

2. An electro—optxcal component comprising:

a substrate;

a phase—vanable element’ carned on sa1d substrate and

a circuit carried on sz_ud substrate for computing a phase state for said phase-

variable element.

3. An optical switch comprising: - T '
a substrate; )
aphase-variable element carried on said substrate;
- amemory carried on said substrate for stering data representative of a phase
state for said phase-variable element; and
a controller carried on said substrate for utilizing said data and settmg said phase .
state for said phase-variable element to direct a hght from a ﬁrst porttoa

second port

4. An optical svvltch comprising;

a substrate; -

a phase-variable element carried on said subétrate'; and

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

variable element to direct a light from a first port to a second port.
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5. The optical switch of claim 4, wherein said circuit sets said phase state for

~ said phase-variable element to direct a light frem a first port to a second port.

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

a region of a liquid crystal.

" 7. The optical switch of clalm 4 ﬁ_\rther compnsmg a mirror carried on sa:ld
substrate for reflecting said light through said phase-varlable element
8. The optical switch of claim 4,
‘wherein said phase-variable element is one of a plurahty of phase—vanable
elements carried on said substrate and
 wherein said circuit computes'a phase state for said plurality of phase-vanable

elements to direct said light from said first port to said second port.

9. The optical switch of claim 8, wherein said circuit sets said 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 10, wherein said circuit balaﬁces an electric field

- across said plurality of regions of said hqmd crystal to yleld an average value of

RNSHHIN AWM

approxxmately 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-van‘able elements can direct said light.

'~ 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 circuit computes said phese _
state for said plurality of phase—vanable elements to simultaneously direct said light to

another of said plurahty of ports

15 The optical switch of claim 8, wherein sa1d plurality of phase-vanable

elements is conﬁgured in an array

16. The optical switch of claim 8, wherein said plurality of phese-variable
elements directs said light 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 light.

18. The optical switch of claim 17, wherein said phese modulating produces a
one-dimensional or two-dimensional image on said plui'éllity 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—vai‘iable

elements.

20. The optical switch of claim 19, wherein said hologram is computed from an
algorithm selected from the group consisting of:

(a) direct calculatieq'lﬁgm. a blazed gra;ﬁnfg:or Bragg diffractive angle,

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

(c) optimization by direct binary search, _

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

(e) 'optimizatioh by a genetic algorithm, and

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

~ 21. The optical switch of claim 8,

29

TS0000321



- INTS Ve Vol T o T Y

wherein s"aiti.’eirenit receives a signal that represents whether said light is being
direct’ed to said second port, and _ v

wherein said circuit computes said phase state for said plurality of phase-
variable elements to ahgn said light with said second port, in response to

sa1d 51gna.l

22 The opnca.l sw1tch of cla.lm 21, wherem sa1d circuit determmes a posrtlon of
sa1d second port by success1vely recomputing said phase state for said pluralrty 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 cla.lm 8,

wherein said circuit receives a signal that represents a phase error of said hght at
' said second port, and i _

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

vanable clements 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 of phase-variable elements can direct light to said

second port.

25. The optical switch of elaim 24, wherein said circuit computes said phase '
state for sald plurahty of phase-vanable elements to direct hght from a.nother of said
plurality of ports to said second port

26. The optlca.l switch of claim 8, wherein said first port and said second port

are each a b1—d1rect10nal 1nput/output port.

27. The optical switch'of claim 8, _ _
wherein ‘said first port and said second port are two of a plurality of ports
between which said hght can be directed by said plurality of phase-

vanable 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 opt1ca1 switch of cla1m 27, wherein said circuit issues an output signal
mdlcatmg a port contention, 1f said second port is in use when sa1d circuit recelves

said mput s1gna1

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 a third 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 said second port 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-va.riable elements is a
hologram displayed on said plurality of phase-variable elements,

wherein said plurality of phase-variable elements are in an arrangement such
that said hologram is produced notthhstandmg a m1sa11gnment of said
" light from said first port, and

wherein said misalignment is w1thm a predetermmed tolerance.

32. The optical switch of claim 31, wherein said plurality of phaée—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 sajd-plufality of phase-variable elements,
and.
~ wherein said circuit computes a second phase state for a second subset of said
pIurahty of phase-varxable elements for directing light ﬁ'om a third port to
a fourth port. ' '

34. The optlcal svvltch of claim 33, wherem sa1d circuit determines (a) wh1ch of
said plura.hty of phase-variable elements are members of said first subset and.(b)

which of said plurality of phase-variable el_ements 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 claim 33, 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, o .
wherein said phase state for said plurality of phase-variable elemet_xts isa first
phase state for a first subset of said plurality of phase—va;‘iab]e elements,
wherein Said opticel switch further compriseé a second circuit for computing a
- second phase state for a second subset of said plurality of phase-vanable
elements for d1rect1ng i1 ght from a third port to a fourth port

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

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

plurality of phase-variable elements.
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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 opticai switch of claim 8, further comprising a lens for collimating said -

light interposed between said first port and said plurality of phase-variable elements.

41. The optical switch of claim 8, fufther comprising a lens for focuéing said
light interposed between said plurality of phase-variable elements and said second

port.

42. An optical switch comprising:

a substrate; . \

a hqmd 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 portto a _second port. | ' -
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Description

[0001] Thisinvention relates to a device that can mod-
ulate the phase of light and that can be integrated with
silicon VLS| (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 communl-

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 medulators can be based on a silicon

‘substrate. They often use aluminium layers as elec-

trodes for the liquid crystal overlaid on them, these lay-
ers also functioning as mirrors [Collings et al., 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 for successful operation. Af-
ter fabrication, the silicon often needs to undergo a
planarisation process to improve the device operation
[O'Hara et al., "Post-processing using microfabrication
techniques to improve the optical performance of liguid
crystal over silicon backplane spatial light modulators",
Proceedings of the SPIE, 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 commaonly
known as a high fill factor). The circuitry present at
each pixel, even if it is only one drive transistor,
takes up space and leads to large gaps, since all
circuitstructures present atopography, 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). )

[0003] ' Boththese problems are solved in the latter ar-
ticle 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 pixel between the electrode proper and the new

. mirror. Such planarisation is therefore desirable, but it

is difficult and expensive.

[0004] An alternative approach is to use an SLM op-
erating in transmissive mode. The Collings article men-
tions this as a possibility when using TFT arrays; refer-
ence may also be made to US-A-5182665 In the names
O'Callaghan and Handschy (Displaytech, inc.). This
patent shows switchable diffraction gratings for diffract-
ing unpolarized light; the gratings are made of FLC (fer-
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ro-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 fortelecomms, rather than the nematic liquid

crystals more common in displays. One concems
speed: nematics switch much slower thanferroelectrics;
the other is that nematics suffer from noise due to phase
quantisation. However, ferroelectrics 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-refringent and
uniaxial, and partly because this rotation is too sma|| for
many purposes - a maximum of 45° is all that can be
achieved in practice. Moreover most ferroelectric liquid
crystals (FLCs) are bi-stable: no gradation of the rotation
of the rotation can be brought about. '

[0006] The last disadvantage of FLCs can be reduced

or eliminated by using distorted-helix FLCs. However,
these likewise rotate the axes by not mora than 4s5e

[0007] Theoretically one can use two FLC devices in
series, with a w4 (half-wave) plate between them; how-
ever, using two SLMs is not a practical proposition. To
achieve the same result US 5182665 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 gs-

sociated with each pixel. US 5182665, for instance, de-
scribes only a palir of electrodes switching the entire
grating on or off. Active-backplane arrangements, as ex-
plained in Collings et al., can be very fast and compact
and are successfully used with reflective SLMs, but the
standard CMOS or NMOS processes cannot be com-
bined with transmissive SLMs because of the metaljisa-
tion used for the transistors. It is an alm of the present
invention to take advantage of -active-backplane tech-
nology without abandoning the double-pass SLM con-
figuration.

[0009] Accordingtothe presentinventionthereis pro- -

vided a light-modulating device accordingto the Subject-
matter of ctaim 1.

[0010] In particular the electrodes on the side of the
light-modulating layer adjacent to the subirate may be
constituted by diffused regions in the semiconductor
substrate, or by polycrystalline layers formed on the
substrate, which for silicon are transparent to infrared
wavelengths above 1200 nm. Such materials fitin easily
with the conventional silicon processes, and indeed the
invention also relates to methods for making such stryc-
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tures in which the electrodes are made at the same time
as a component of the drive 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 themod-
ulating layer opposite the semiconductor substrate, usu-
ally with a quarter-wave plate on the mirror.

[0012] The modulating layer can be a ferroelectric liq-
uid crystal or some other light-modulating material and-
the semiconductor is most conveniently sllicon. Light.in
the common telecommunications wavelength region
(1.3um to 1.55um) will pass through the light-modulat-
ingmaterial and silicon subétrate, sothatthe device can
operate in a transmissjve mode.

.[0013] In operation some property of the light, e.g.
phase, is altered as it passes through the moduiator. 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 ptroperty 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-
strate, beside the modulator. Such devices are com-
monly known as smart pixels.

[0014] The use of substrate diffusions; or alternatively
polycrystalline semiconductor leads, to apply a voltage

to the fiquid-crystal layer through 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 applled to linear (one-di-
mensional) ‘arrays of pixels, where circuitry can be
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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
ilumination (light beams aimed at specific modulators)
probiem 1 indicated above also does not exist. in both
these cases there are major advantages in operating lig-
uid-crystal (or other integrated) modulators in this man-
ner. X

[0016] A further advantage of the invention occurs
when an array of reflective pixels 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 mustbe 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
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two-level (i.e. "black" and "white") modulator. Howeve"
two-fevel phase modulators used to display a Phase
hologram have two main disadvantages. Firstly, t¢Y
operate with an inherent inverse symmetry that is
problem in holographically routed crossbar systemS: as
only half of the replay plane may be used for switchn9
purposes and the other half is wasted. Secondly, the"®
is aloss introduced by such holograms, asthe maximy
efficiency of a two-level phase system is only 41%-
[0018] By using three or more levels of modulation ™
e. a grey scale, the inverse symmetry can be remove
from the replay plane, aliowing the whole replay P'ane )
to be used for switching purposes. Also, the loss Inf°”
duced into a system using e.g. four-level hologram3 s
iess than in two-level systems, the maximum efficien

of such a hologram being 81%. The disadvantages ©
two-level system.are thus removed by using thre€ or
more levels of modulation.

[0019] To getfourlevels of phase modulation red
phase shifts of up to 270° being Introduced by the M
ulator. Using a material such as a ferroelectric !9
crystal (FLC) in a modulator requires a material wit
tiit angle of at least 67.5°; such materials (e.g.-
10817) exist, but their electro-optic effects are dlffi"’fJIt

to incorporate in a device. Hence standard FLCs, ‘N_'th

uires
od-
uid

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

uration, offer a good working compromise. Distorted-"¢”
lix FLCs are particularly suitable.

[0020] Forabetterunderstanding of the inventi
bodiments of it will now be described, by way of exam”
ple, with reference to the accompanying drawing®’
which:

onem

*  Figure 1 shows a very schematic plan view of & si

icon substrate 1 with a substrate diffusion 2;

* - Figure 2 shows a side view of an embodiment
invention incorporating the substrate describ®
Figure 1;

*  Figure 3 shows a silicon design layout using & two-
micron process; : 4

*  Figure 4 shows a section through a reflective mo<
ulating element representing a second embodirm e'nt
of the invention, which could be used to ‘provide m(;
creased modulation levels as described above; 27

*  Figures 5A, B and C show variations of the pasic
scheme of Figure 4. :

of the
din

[0021] In Figs. 1 and 2 a silicon substrate 1 contai,ns
a substrate diffusion 2 that acts as an.electrode. A lidY'®”
crystal layer 5 is contained between the surface ©
glass plate 3 and the silicon substrate 1. The glass P latiz
3 has an ITO electrode on its surface facing the ”qu.d
crystal, and potential difference is applied to the gy
crystal 5 by way of the transparent electrode 4 and thi
substrate diffusion 2 in order to modulate the stat®
the liquid crystal. The transparent electrode can p
common electrode.

[0022] Light enters through the glass 3 and passes
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through the transparent electrode 4, and through the lig-
uid crystal 5. After passing through the liquid crystal, the
light passes through the substrate diffusion 2 and the
silicon substrate 1 and leaves the device. The phase of
the light entering the device at 3 and exiting the davice
at 1 is altered by the liquid-crystal layer 5 when the latter
is addressed by the application of a suitable voltage be-

. tween the transparent electrode 4 and the diffusion 2,

The complete unit t_hus acts as an optically transmisslve
phase modulator.
[0023] In an SLM many pixels of this nature will be

_formed in a one-dimensional or two- dimensional array,

each addressed by a drive circuit. in a two-dimensional
array the drive circuits could altemate 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 substrate

1, in a second part of the substrate to the side of the

first. The technology for designing and fabricating a
CMOS VLS 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 substrate diffusion 8, of which

. only the left-hand end is visible in Fig. 3, is connected
- to some control and drive circuitry 7 in the same silicon

substrate. 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 substrate. (The
right-angle bend in the connecting line between the dif-

- fusion & and the circuit 7 would notbe present in practice

and is purely for ease of representatlon) The substrate

- diffusion 6 might have dimensions 20um x 6mm, while

the associated circuit 7 might be 20pm x 100um, ar-
ranged in line with its diffuslon 6. The circuits 7, with their
opaque interconnects, collectively form a second area,
generally considerably smaller than the first. nght 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 correlators, 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.
4, :
[0027]
(not shown) and control circuits (likewlise) 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 orplastic quarter-wavelength waveplate 17. In this

A silicon substrate 14 with substrate diffusions
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embodiment the plate 17 acts simultaneously ag the
rear plate for the LC cell and as a quarter-wave plate,
buttwo separate components could be used. The wave-
plate-17 is placed against a mirror 18. infra-red light en-
ters through the silicon substrate and diffusion 14 and
continues through the modulating material 15 and trans-

" parent electrode 16. Following this the light traveis

through the waveplate 17 and is reflected from the mirror
18. The light 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 modulates the optical

property of the material 15. The complete cell, encom-
passing the parts 14 to 18, may thus actas a Iight mod-
ulator.

[0028] Figs. 5A, 5B and 5C show various ways of in-
corporating the quarter wave plate between the LC lay-
er and the mirror. In Fig. 5A atransparent plate is used,
constltuting one of the plates of the liquid-crystal cell. It
can be of glass, or of quariz or mica. However, this plate
has to-be 2-3 mm thick to give the quarter wave retar-
dation for IR wavelengths, which gives rise to undesir-
able diffraction effects. In Fig. SB therefore a thin

(100um)- glass plate 20 is used, the A/4 plate being -

formed by a nematic liquid-crystal layer 17a. In Fig. 5C
a fused reactive monomer 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- V

ularly suitable for use as light modulators for use in the
switching of telecommunications signals. However, the
invention can be applied to any device where an optical
signal or information is to be modulated by the applica-
tion of an electric signal. '

Claims

1. A light-modulating device comprising a semicon-
ductor substrate (1), a layer of light - modulatingma-
terial (5) on a first part of the substrate, electrodes
(2) for for applying a voltage to the light - modulating
layer, the electrodes being made of a materialtrans-
parent to the wavelength of the light used, and drive
circuitry (7) for addressing the light-modulating lay-
erviathe said electrodes; wherelin the drive circuitry

- (7) for addressing the light-modulating layer via the
sald electrodes is integrated on the semiconductor
substrate to the side of the light-modulating region
of the modulator and whereln the electrodes are in-
tegrated in the semiconductor substrate

2, -A light-modulating device according to claim 1, In
which the electrodes (2) are diffused regions in the
semiconductor substrate. : -
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3. A light-modulating device according to claim 1, in
which the electrodes are polycrystalline layers
formed on the substrate.

4. A light-modulating device according to any preced-
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.

5. _ Alight-modulating device according to claim 4, and
further including a quarter-wave plate between the
mirror and the modulator.

6. A light-modulating device according to any preced-
ing claim,.in which the addressing electrodes form
a one-dimensional array.

7. A light-modulating device according to claim 6, in
which the individual drive circuits are arranged in a
" 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.

9. 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 andfa transparent 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. i

\

Patentanspriiche

1. Lichtmodulator, der ein Halbleitersubstrat (1), eine
Schicht aus Licht modulierendem Materia!l (5) auf
einem ersten Teil des Substrats, Elektroden (2) flir
das Anlegen einer Spannung auf die Licht modulie-
rende Schicht, wobei die Elektroden aus einem Ma-
tenal hergestellt sind, das gegenlber der Wellen-
lange des verwendeten Lichts transparent ist, und
eine Treiberschaltung (7) zum Ansteuern der Licht

" modulierenden Schicht Uber die Elektroden auf-
weist, wobei die Treiberschaltung (7) zum Ansteu-
ern der Licht modulierenden Schicht tiber die Elek-

troden auf dem Halbleitersubstrat zur Seite der
Licht modulierenden Region des Modulators hin
eingebaut ist undwobel die Elektroden in dem Halb-
leitersubstrat eingebaut sind.

2. Lichtmodulator nach Anspruch 1, wobel die Elektro-
den (2) diffundierte Regionen in dem Halbleitersub-
strat sind.
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3.

10.

Lichtmodulator nach Anspruch 1, wobei es sich pei _
den Elektroden um polykristalline Schichten haf”
delt, die auf dem Substrat ausgebildet sind.

"Lichtmodulator nach einem der verhergehende”

Anspriiche, wobel ein Splegel (18) auf der Seite der
modullerénden Schicht gegeniiber dem Halblefte’
substrat angeordnet ist, um das Licht zurlick dure
den Modulator zu reflektieren.

Lichtmodulator nach Anspruch 4, der dartiber hin”
aus ein Viertelwellenplatine zwischen dem Spieg®
und dem Modulator aufweist.

Lichtmodulator nach eirnem der vorhergehenden
Anspriiche, wobel die ansteuernden Elektroden €
ne eindimensionale Anordnung bilden.

Lichtmodulator nach Anspruch 6, wobei die einzel”
nen Trelberschaltungen, in einer Relhe angeordf"et
sind, die parallel zur Anordnung der ansteuernde”
Elektroden verlduft. -

Lichtmodulator nach einem der Anspriiche 1 biS 'rf'
wobei die ansteuernden Elektroden eine zweidl”
mensionale Anordnung bilden.

Lichtmodulator nach einem der vorhergehenderI
Anspriiche, wobei der Modulator ein Flﬁssigkn’sfa"'
bautei! ist, der zwischen dem Halbleitersubstrat (
auf der einen Selte und einer transparenten platté
(3) auf der anderen Seite enthalten ist.
Lichtmodulator nach einem der vorhergehend®”
Anspriiche, der eingerichtet ist, um mit Infrarotwé'”
lentdngen Gber 1200 nm verwendet zu werden.

Revendications

1.

Modulateur de lumiére selon la revendication

Modulateur de lumiére comprergant un subst"at
semi-conducteur (1), une couche de matériau Mo~
dulateur de lumi&re (5) sur une premiére partie
substrat, des électrodes (2) pour appliquer une ten”
sion & la couche modulatrice de lumi&re, les élec”
trodes étant constituées d'un matériau transpal’@n
a la longueur d'onde de la lumiére utilisée, et de

- circults de commande (7) pour adresser la couche

modulatrice de lumiére via lesdites électrodes'
dans lequel! les circuits de commande (7) pem’"et-
tant d'adresser la couche modulatrice de lumi& €
via lesdites électrodes sont intégrés au substr®
semi-conducteur sur le cété de la réglon modulat?'”
ce de lumidre du modulateur et dans lequel les &1€€~
trodes sont intégrées au substrat semi-conducte¥’

1,

dans lequel les électrodes (2) sont des régions

dif-. .
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A light-moduléting device according to claim 1, in
which the electrodes are polycrystalline layers
formed on the substrate.

A light-modulating device according to any preced-
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. ‘

A light-modulating device according to claim 4, and
further including a quarter-wave plate between the
mirror and the modulator.

A light-modulating device according to any preced-

ing claim,.in which the adc_!ressing electrodes form
a one-dimensional array.

A light-modulating device according to claim 6, in
which the individual drive circuits are arranged-in a

" row parallel to the array of addressing electrodes.

A light-modulatin§ device accordingto any ofclaims
1 to 5, in which the addressing electrodes form a
two-dimensional array.

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 andfa 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 nm.

Lichtmodutator, der ein Halbleitersubstrat (1), eine
Schicht aus Licht modulierendem Material (5) auf
einem ersten Teil des Substrats, Elektroden (2) fiir
das Anlegen einer Spannung auf die Licht modulie-
rende Schicht, wobel die Elektroden aus einem Ma-
terial hergestellt sind, das gegentiber der Wellen-

~ lange des verwendeten Lichts transparent ist, und

eine Treiberschaltung (7) zum Ansteuern der Licht
modulierenden Schicht lber die Elektroden auf-
weist, wobei die Treiberschaltung (7) zum Ansteu-
ern der Licht modulierenden Schicht liber die Elek-
troden auf dem Halbleitersubstrat zur Seite der
Licht modulierenden Region des Modulators hin
eingebaut ist und wobei die Elektroden in dem Halb-
leitersubstrat eingebaut sind.

Lichtmodulator nach Anspruch 1, wobel die Elekiro-
den (2) diffundierte Regionen in dem Halbleitersub-
strat sind.
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3.

10.

Lichtmodulator nach Anspruch 1, wobel es sich pg;j
den Elektroden um polykristailine Schichten han-
delt, die auf dem Substrat ausgebildet sind.

Lichtmodulator nach einem der vorhergehengegn
Anspriiche, wobel ein Spiegel (18) auf der Seite ger
modulierenden Schicht gegeniiber dem Halblejte,.
substrat angeordnet ist, um das Licht zuriick durch
den Modulator zu reflektieren.

Lichtmodulator nach Anspruch 4, der darliber’ hjp,.
aus ein Viertelwellenplatine zwischen dem Spiegg
und dem Modulator aufweist.

Lichtmodulator nach einem der vorhergehénden
Anspriiche, wobei die ansteuernden Elekiroden ei-
ne eindimensionale Anordnung bilden.

Lichtmoduiator nach Anspruch 6, wobei die einzg,.
nen Treiberschaltungen, in einer Relhe angeordnet
sind, die paralle! zur Anordnung der ansteuerndan
Elektroden veriauft.

Llchtmodulator nach einem der Anspriiche 1 big 5,

wobei die ansteuernden Elekiroden eine ZWe|d|-
mensionale Anordnung bilden,

Lichtmodulator nach elnem der vorhergehenqen
Anspriiche, wobei der Moduiator ein Flissigkristgj)-
bauteil ist, der zwischen dem Halbleitersubstrat )
auf der einen Selte und einer transparenten Platte
(3) auf der anderen Seite enthaiten ist.

Lichtmodulator nach einem der vorhergehenden
Anspriiche, der eingerichtet ist, um mit Infrarotwe.
lenlangen tiber 1200 nm verwendet zu werden,

. Revendications °

Modulateur de lumiére comprenant un substrgy
semi-conducteur (1), une couche de matériau me.

dulateur de lumi&re (5) sur une premigre partie 4,
substrat, des électrodes (2) pour appliquer une tep.
sion & la couche modulatrice de lumigre, les éleg.
trodes étant constituées d'un materiau transparent

& la longueur d'onde de la lumiere utilisée, et deg ’

circults de commande (7) pour adresser la couchg
modulatrice de lumiére via lesdites électrodes;
dans leque! les circuits de commande (7) permet_
tant d'adresser la couche modulatrice de lumiarg
via lesdites électrodes sont.intégrés au substrgt
semi-conducteur sur le c6té de la région modulatyj.
ce de lumiére du modulateur et dans lequel les élgg.
trodes sont intégrées au substrat semi-conductey

Modulateur de lumiére selon la revendication 1,
dans leque! les électrodes (2) sont des régions djt.
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fusées dans le substrat semi-conducteur. -

- .Modulateur de lumiere selon la revendication 1,

dans lequel les électrodes sont des couches poly-
cristallines formées sur le substrat, ‘

Modulateur de lumiére selon ['une quelconque des
revendications précédentes, dans lequel un miroir
(18) est agencé sur le cbté de la couche modulatrice
opposé au substrat semi-conducteur de maniére &
réfléchir la lumiére & travers le modulateur.

Modulateur de lumizre selon la revendication 4,
comprenant en outre une lame quart d'onde entre
le miroir et le modulateur.

Modulateur de lumiére selon I'une'queI‘conque des
revendications précédentes, dans lequel les élec-
trodes d'adressage forment un réseau unidimen-
sionnel. ' :

Modulateur de lumiédre selon la revendiéation'ﬁ,
dans lequel les circuits de commande individuels
sont agencés en rangée paralléle au réseau d'élec-
trodes d'adressage.

Modulateur de lumi&re selon I'une quelconque des
revendications 1 & 5, dans lequel les électrodes
d'adressage forment un réseau bidimensionnel.

Modulateur de lumlére selon l'une quelconque des
revendications précédentes, dans lequel le modu-
lateur est un dispositif & cristal liquide confiné entre
le substrat semi-conducteur (1) sur une face etune
plaque transparente (3) sur l'autre face.

Modulateur de fumiére selon 'une quelcongue des
revendications précédentes, agencé pour 8tre utili-
sé & des longueurs d'onde infrarouges supérieures
a 1200 nm. ’
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Figure 2
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.Figure 3
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Distorted Helix FLC or F1L.C

Diffused silicon
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Figure $B
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(54) Optlcal phase modulator

glass or silicon substrate containing a- 1-D array of pix-
els (42) formed from either ITO or aluminium respec-

" tively. The substrate is covered by an upper glass plate

coated uniformly with ITO to m "e"'one large" transpar—
ent electrode. Polymer-dlspersed LC compos!te mate-
rial is sandwiched between thesé layers, the polymer-
dispersed material containing a nematic LC (with posi-
tive dielectric). Figure 4a shows the bipolar director con-
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. smail 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 in which
voltages of different magnitudes -have been applied to
different. pixels (42) to produce seveéral 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.

A phase modulator includes a lower layer of ‘

T'chh
. a 2 e @ o ®
‘o\/\‘ Y Py -] ° 00. ® B0
0‘ 2@ ® - oe
-]
o8 s & ) o8
FiG. a

’_\Q L R
Py Vg . = r — .

By = not alteced Lo Hy =0

FIG.

Printed by-Xerox (UK) Business Services
2.16.7 (HRS)13.6

TS0000347



1 : ~ EP 1050775 Af 2

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-
persed liquid crystalline materials to effect such modu-
lation. e ,

[0002] Polymer dispersed liquid crystalline materi-
als (PDLCs) are composite materiais made of 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
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 um).

[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
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-
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
the development of polarization insensitive analogue
phase modulating devices. Currently binary ferroelectric
liquid 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
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-
tiat diffraction efficiency because of the binary nature of
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
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
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
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produce. Typically such a device is composed of a layer
of polymer dispersed liquid crystailine material placed

between transparent slectrodes 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 components intended to make the

- polymerisation action light activated. The LC 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 chahges resulting in it
phase separating from the mixture into droplets. 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 poly-
mer matrix and thus a refractive index discontinuity to -
the incoming light. in this state incoming light 12 is scat- "

tered strongly effectively blo'cl(_irig its transmission, Fig

“1(b). Once a sufficiently high electric field E is applied’
the bipolar axes become aligned with 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 bipolar
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 Fig1(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 Scattering Devices
Refractive index match / mis-match for 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
within the PDLC material to produce an interference
-pattern. The rate of polymerisation of the pre-polymer
syrup is dependent on the intensity of the incident light.
Polymerisation is faster in areas for which the light is
most intense ‘and within. these regions the chemical
potential of the LC is raised and the potential of the
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
in a simple diffraction grating lines are formed alter-
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(lc)in the high LC density
region does not match that n(p) in the low LC density
region and the hologram is revealed (see Fig 2a). Some
of the light incident normally to the device will be
deflected into the first-order diffraction peak. When a
. field E is applied across the electrodes 20 the LC direc-
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
may be selectively 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 on.an amplitude grat-
* ing, i.e. light would pass directly through in the field-on
state but would be directed to the first order with some
large degree 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
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-
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-
nigues described above in that it does not use the elec-
tric field controi of the director profile of the LC particles
in order to match or not match the refractive index of
permanently recorded PDLC gratings.
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(c) Electrically Controliable Anlsotrogy for Optical Ampli-

- 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 invoive the generation of sep-
arate e and o waves i.e. the technique of the present
invention does not involve the use of the birefringence
of the' LC 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 expenenced 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-
tating 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 moduiates the phase of the
incident light in an analogue manner.
[0015] The modulator 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 Iayer may comprise a
substrate of glass or silicon. The transparent electrode
layer may comprise a glass or smcoq substrate coated
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 electrode layers may have
formed upon it individual electrode elements, which may
be addressable individually or collectively and may form
a one or two dimensionai array. Therefore, different
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,

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) mateérial sandwiched between electrode layers,
at least one of which is transparent to the incident light,
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
.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 comprise modulating the
phase of the incident light in a polarisation-independent
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.
[0026] The method may comprise addressing indi-
vidually or collectively electrode elements 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
may have their average refractive index modified, and
may therefore modulate the phase of the lnc1dent light,
to different extents.
[0027] Embodiments of the present invention will
now be described by way of example only with refer-
ence to the accompanying diagrammatic drawings in
which:
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Figures 1a to 1c show schematically a known scat-
tering device lncorporatmg a layer of PDLC mate—
rial,

Figures 2a and 2b show schematically a knoyvn

simple diffraction grating device of the prior art,
Figures 3a and 3b show schematically a phase

modulator according to an embodiment of the.

present invention, )

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 L.C 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 whote, 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.

[0028] 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 inqident
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
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speeds increased.
[0031] In addition, the small size of the PDLC parti-
cles restricts the nematic LCs 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 1 um). These
director fluctuations are responsible for thermally
induced optical random scatter in nematic liquid crys-
tals. Also the order of the phase may be increased by

the restricted size, thus increasing the potential phase_'

modulation available, v
[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 nematic 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§ralong the long axis,

and/or the random pinning of the director on the interior

surface of the droplet wall. Light impinging on this mate-
rial may encounter small enough scattering centres
(close to 50nm) 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 randomily 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 index, .

and hence phase-delay, encountered by the 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
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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
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 shown.pictorially in Figure
5(a) and is described as being ‘radial'. Within one drop-
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
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-
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.

{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)
and (b) show schematically a guest-host strucfure. The
dye would be present as a guest within the LC system
and as in typical LC dye guest-host systems would ori-
entate its long axis paralle! to that of the LC material.
The dye molecule 60 would then follow the motion of the
surrounding LC molecules 62 as it is turned in an
applied electric fleld. 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-
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
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
polymerization process.

[0036] One particular use of devices such as are
described above is in spatial light modulators (SLMs),
an example of Wthh W|II 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 refiection. The Al 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 arrangemenf 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 sim from the input fibre is 'steered' by the SLM to
the output fibres. However 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 light

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
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hologram being 81%. Alternative L.C technologies which
would provide the muitiple 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 suitabie 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
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ways. Whilst the absolute efficiency of the device has
been stated as 41% currently it may be less than this if
the FLC parameters are not ideal. For maximum effi-
ciency operation the sample'_-m_ust have a half wave
thickness and the required tilt angle of 45 degs. 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
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 technoiogy.
[0040] Hence devices based upon altérnative LC
technologies, which are able to provide both analogue
phase modulation from 0 to 2x 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
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
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
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
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
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 the silicon back plane
device, muitiple 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-
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-
Iatnon WDM fi lters ‘and projection displays.

Claims

1.

10.

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-
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
droplets located substantially randomly within the
active layer and having a length tess than the wave-
length 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 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’

polarisation-independent manner.

A modulator according to claim 1 or claim 2,
wherein the application of the electric field distorts
the director configurations of at least some of the
droplets. '

A modulator according to claim 3, .wherein the

extent of the distortion is a function of the applied’

field.

A modulator according to any of claims 1 to 4,
wherein the light modulator is arrdnged to modulate
the phase of transmitted incident light.

A modulator according to claim 5, wherein both
electrode layers are transparent.

A modulator accoraing to any of claims 1 to 5,
wherein the modulator is arranged to modulate the

- phas_e of reflected incident light.

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. .

A modulator according to any of claims 1 to 8,
wherein the or each electrode layer comprises a
substrate of glass or silicon.

A modulator according to any of claims 1 to 9,
wherein the transparent electrode layer comprises
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11.

12.

13.

14.

15.

16.
17.

18.

19.

12

a glass substrate coated in Indium-Tin oxide (ITO)

or a silicon substrate which is tranéparent at tele-

communications wavelengths.

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 1 to 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 mathod comprising causing
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, 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, 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 active ‘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.

‘A method according to claim 15 or claim 16 com-

prising distorting the director configurations of at
least some of the droplets.

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.

A method according to any of claims 15 to 18 com-

prising addressing individually or collectively eiec-
trode elements formed on at least one of .the
electrode layers, so as to apply electrical fields of
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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. .-

L ;

Beam steering may be effected by liquid crystal over

silicon spatial light modulators (SLMs) consisting of an

array of pixellated elements, each formed by a back-

reflecting electrode, a frént-electrode on a cover glass

that is often common to all the pixels, and inbetween the

two'electrodes a layer of liquid crystal to which an

electric field is'applied using the front and back

electrodes. There may also be intermediaté4optica1'1ayers

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 guality 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 deposited on an optical

»quality'surface and thérefore may act

quality mirror. 1In certain SLMs, the
invention, individual back electrodes
electricaliy by a 'dead-space' formed

.éxample by etching.

also as a high
main subject o
are isolated

between them,

f this

for

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 width of the

dead-space is between one and two times the minimum feature-

size of the CMOS process.
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SLMs using liquid crystals are attractive for signa
ssing appllcatlons in that they allow modulation of

phase and/or amplitude and/or blrefrlngence. Both

. PCT/GB02/01464

1

binary phase and multiple (>2 levels) phase modulation can

be 1mplemented in a polarlsatlon 1ndependent manner,

allowi

ing the constructlon of. beam steering devices for

communications routing appllcatlons. Multiple-phase

modulating arrays are particularly attractive for optical

routing applications because they can be used to mimic the

effec

sourc

t of a tiltable mirror and steer beams between

e(s) and receiver(s). Beam steering devices using

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

multipleAphase‘iiquid crystals the phase difference from

pixel

-to-pixel can be controlled as desired. Critical>

performance requirements for optical routing. are 1nsertlon

"loss,

crosstalk, switch reconflguratlon time and phy51cal

size, the latter espec1a11y 0 in metro area applications

where

premi

routlng nodes may often be located in customer

ses.

Crossbar switch de51gn studies show that the phy51cal

length of a switch is proportlonal to the square of the

pixel

pitch. Other types of routing architectures have

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

also

an important parameter: for muitiple phaee modulating

SLMs, the fundamental limit to the insertion loss is set by

the r

pitch.

elative width of the dead-space, compared to the pixel

Practically this sets a lower limit to the pixel

TS0000367



10

15

20

25

30

WO 02/079870 ' e PCT/GB02/01464

. -3-
pitch and henceuto 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
insertion loss penalty. However, smaller CMOS processes
are associated with lower operating voltages and hence may
require a thlcker cell for the same range of phase
modulation. This. increases the switch reconflguratlon time.
Although this problem may be addressed by higher supply
voltages and high voltage tran51stors, the maximum
available voltage still decreases with. reduc1ng 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

through another dead-space) causing crosstalk.

A paper entitled "aA 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
Englneers on 17th March 2000. This paper discusses the use
of diffractive LC light valves for projection displays and
projection and viewer systems. 1In a device having front
electrodes in the form of 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 ratlo 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 strip electrodes. Control
of the voltage on the rear electrode is used to create a
fixed pitch grating of variable efficiency. 1In 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 that the
underlying miﬁror_qould be included in a VLSI backplane by
modifying the lightshield processes used to protect the

silicon devices from wvisible radiation.

_An embodiment of the described method of the‘present
invention exploits correlation effects between the director
orientation ofEadjacent‘liquid crystal molecules and also

' the potential for multiple overlying layers of circuitry in

state-of-the-art CMOS manufacturing.

Embodiments of the invention provide three significant
imprdvements 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 écceptablé loss penalty, much smallef
pixels may be used, allowing the fabrication of much more
compact optical switches. -In_a‘third embodiment, for ah
acceptable loss penalty, larger CMOS processes may be used
allowing the fabrication of switches with a faster
reconfiguration time (see above). Embodiments also provide
improved crosstalk as the light incident on the dead-space
is reflected back out again instead of bouncing around

inside the substrate.

 According to a first general aspect of the invention
there is providéd a device for steering a beam of light,

the device CCmpriSing an érray 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 electrodes being disposed
respectively:behiﬁd-and in front of a liguid crystal layer,
the back electrodeé being spaced apart to define-said' »
array, and a reflective layer‘disposed behind the back
electrddés 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 phaéed shift, for example‘a piecewise linear phase
distribution, to be created across an array‘of elements to
direct the beam of light incident on the array to the
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

prhase modulating elements, and using that distribution
across the array to.steer light incident upon the array.
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, excepﬁing'the constraint of the maximum
available phaée modulation. Im thebcontext of a displayvif
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
absorption: this desideratum can be met by a fixed »
diffraction grating per pixel whiqh 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.

In one embodiment the device has drive circuitry om a
substrate, and a planarising.layer disposed on said drive
circﬁitry, the back electrddes are disposéd on said
planarising layer, and respective wirings pass through the
planarising layer from the back electrodes to the drive :
c1rcu1try, and a portion of the drlve c1rcu1try prov1des-

the reflective layer.

In another embodiment drive circuitry is disposed on a
substrate, and a planarisihg‘layer is disposed on said
drive circuitry, wherein said back electrodes are dispoéed
on said layer, respective wirings passing throﬁgh'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 first‘planarising layer is\disposéd 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 planarising layer wherein said back electrodes

are dlsposed on said second planarising layer, whereln
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respective wirings pass through said planarising‘layers

from said back electrodes to said drive circuitry.

Advantageously é further planarising layer is dispoéed

over or level with said back electrodes.

Conveniently a waveplate is disposed over said back

electrodes.

Conveniently said reflective layer is composed of

~metal.

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.

In yet another said reflective layer extends only

partway across said spaces.

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.

According to a second aspect of the invention there is
provided an optical routing switch comprising at least one
beam steering device in accordance with the first aspect of

the invention.
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According to a third aspect of the invention there is
pfovided 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 spatial distribution of phase levels

' across said liquid crystal 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 bétween
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.

Conveniently 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 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 prov1d1ng reflectlve elements in the spaces

and behlnd the electrodes

By making use of the dead spaces between the
electrodes, the performance of the SLM can actually be
increased over an ideal SLM having no dead spaces between

electrodes having discrete voltages applied thereto.

In one embodiment said electrodes are reflective

whereby said liquid crystal device is reflective.

In another a reflective layer is disposed behind the
electrodes whereby said liquid crystal device is

reflective.

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 ;iquid crystal device substantially in phase

~with light reflected by said electrodes.

Exemplary preferred embodiments of the invention will
now be described with reference to the accompanying
drawings, in which: ,

Figure 1 shows the relationship-of insertion ioss to
pixel pitch and dead-space width;

~ Figure 22 shows the index ellipsoid in the bulk of the

cell that 1s away from the influences of the alignment

“layers and under no- fleld condltlons,
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" Figure 2B shows the direction of tilt variation under
applied field conditions;

' Figﬁre 3 is a partial cross~sectional schematic view
through an SLM showing varying alignment with back
électrode 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—sectioﬁal 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-sectional 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 embqgiment of a beam steering device with
reflecting dead?space in accordance with the invention;

Figure 9 shows‘é paftial cross-sectional view through
a beam steering device in accordance with the invention
showing the effects of off-normal incidence; and

" Figure 10 shows a further embodiment of a beam
steering device accordance with the invention, in which a
pdrtion of the reflective layer is isolated from other
portiong, and connected via circuitry to a'selected

potential.

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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the‘dead—space as currently fabricated are described and

guantified.

The effect of the dead-space on the diffraction

~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-
space. To this product is added the modulation applied by
the dead-space to whatever light is reflected from the
optlcal planar1s1ng layer that is exposed between the back

electrodes Since this planarlslng layer may be quartz,

"with a refractive index close to that of the liquid

crystal, it may be assumed to a first approximation that
none of the light incident on the dead-space is reflected.
Fourier analysis then shows that the diffraction efficiency
into the intended beam-steering direction is reduced for a
2-D array ef square pixels by a factor given in equation
(1), where d is the w1dth of the dead-space and p is the
pixel pltCh

actual 2-D efficiency = (1-d/p)* . efficiency of ideal SLM
(1 '

‘Referring to Figure 1, 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 pm, 0.26 yum,
0.5 upm, corresponding to twice the minimum feature size of
70 nm, 0.13 um and 0.25 um CMOS processes respect1V81y

This 1nsert10n loss penalty is for a single SLM.
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However in many routing devices two SLMs are provided,

and hence the switch ingertion loss penalty would be twice

- the value shown in Figure 1,

For the example of a 3 um pixel pitch; the insertion
loss penalty in a crossbar routing switch Qould be 6.3 dB
for a dead space width of 0.5 pum, decreasing to 3.1 dB and -
1.6 dB for dead -Space w1dths of 0.26 um and 0.14 um,
respectlvely The phy51cal f ngth of the beam-steering
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 insertion loss.

For a 1-D array of (rectangular) pixels, the
diffraction efficiency into the intended beam-steering
direction is reduced by a factor given in eguation (2).

actual 1-D efficiency = (1-d/p)? . efficiency of ideal SLM )

2) . ,

Hence the loss ‘penalties for 1 D phase modulation can
be obtained from Flgure 1 by ha1v1ng the value shown in the

graph.

Next is an explanation of the physics of polarisation-

independent multiple phase modulation and a description of

how the liquid crystal tends to behave in- the regiomns
between electrodes, i.e. above the dead-space, assuming
that alignment is good and the dead-space narrow enough
such that random domains or disclinations do not appear in

this region.
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As.diséussed in our co-pending patent application WO
01/2584O,Vmultiple phase modulaﬁion 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, witﬁ the
orientgtion of the quarter-wave plate a#es 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 superpoéition of two propagating modes.
These two modes travel along with different phase |
velocities, “that may be calculated using the geometric
construction of the index ellipsoid (indicatrix). A |
uniaxial medium is characterised by an indicatrix that is
an ellipsoid of revolutiorn around an axis that is usually
parallel to the director of the 1iquid crystal. The long
axis of the ellipsoid has é length equal to the
extraordinary refractive index n., whereas both short axes
lie normal to the long axis taking the same length, ng
(ordinary refractive index), as shown in Figure 2A.
Construct a plane perpendicular to the wavefrbnt
propagation vector. The intersection of this plane with
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 refractlve index

experlenced by the correspondlng mode .

Where the liquid crystal cell type to be used is a

- variable birefringence cell, what‘is‘required from the cell

structure is that it-should be capable of 'out—of—plahe'
tilt, where the plane refers to the plane of the cover
glass. Suitable cell structures are the planar-to-
homeotropic Freederickz cell, a m cell and a HAN (Hybrid
Aligned Nematic) cell. Vertically aligned nematics may also
be used.'.Similar cells employing twiét as well as an out-
of-plane tilt may be suitable._.An example of twist is a
twisted nematic cell in which the direction of uniaxial
alignment on the front cover glasé is orthogbnal to that on
the rear cover glass, although in both cases the alignment
is in a plane parallel to the cover gIaSS.

For the Freedericksz qell, when no electric field is
applied the index éilipsoid-is éligned'with'the long axis

parallel to the cover glass by employing suitablg alignment

layers. However,zwhen field is applied across the material

the director  tilts away from the plane of the cover glass
and towards the direction of the applied field. With
continued-reference to Figure 2A, define the two short axes
of the index ellipsoid to be in, and perpendicular to, the

plane of the cover glass respectively. Let the vector unit
2 be parallel to the short axis in the plane of the cover
glass, the unit vector 2 be perpendicular to the cover

glass, and define the unit vector % so that %, E'and 2 form
an orthogonal right-handed set.  Hence the long axis of the

index ellipsoid is always in the x-z plane.
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" Referring now to Figure 2B) let the initial alignment
direction of the 1ong;axis of the index ellipsoid be in the-
% direction. On application of any electric field in the %

direction (normal to the glass), the long axis rotates in

the x-z plane by angle 6. By con51der1ng the 1ndex

ellipsoid, it is clear that for light polarised in the 2

direction, the same effective fefractive index, no, is
experiehced, independent of 6. However, light polarised.in
the %'direction experienoes a modified refractive index, +n
depending on 6. Changing the'strength of the applied field
changes ‘6, and hence changes the refractive index

experienced by the light polarised in the"% direction. 1In
this way the phase of components of light travelling along
the % direction is modulated in a continuous (analogue)

way .

Consider linearly polarlsed light pa551ng through such
a liquid crystal, behind whlch there is a quarter wave
plate and then a mirror. .oOn. the way towards the quarter-

wave plate and mirror, the polarlsatlon component polarised

in the 3 direction experiences the applied index change (or

phase modulation), denoted by napp, while the component in

the 2 direction does not, and instead experiences a
refractive 1ndex, Ng, that is 1ndependent of the applied
field. The orlentatlon of the 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
(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 polarisatien—independeht, as
may be proved by Jones matrix analysis. For a liquid
crystal layer thickness of t,'both polafisétion components
will perceive a net phase'modulation of 2m(ng + nAth/%,

where napp is a coﬁtinuousrfunction of the applied voltage.

Referring again to Figure 23, let the planes of the
front and back electrodes be parallel tovthe xy plane and
let the director tilt’be in the xz plene. In Figure 3, now
consider a cross-sectional plane through the liquid crystal
3( again parailel’to the/xyvplane 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 spatielly-
varying phase modulation characteristic is selected to
'prov1de the desired deflectlon,_thus to cause the device te
mimic a tilted mlrror._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 licuid crystal to approx1mate the de81red
characterlstle. This is achieved by applying step voltages
to sequentiel back electrodes, the voltages stepping from a
selected mlnlmum up to a level at which the overlylng '
liquid crystal is providing a selected maximum phase Shlft
The step voltages repeat across the array, so that the
voltage’eharacteristic is typically spatially periodic. The
number of back electrodes pef spatial period is variabie
according to the desired characteristic. The numbef will
~also be dependent on the resolution of the device. The
smaller the electrodeg, the closer the approx1matlon can be

to the desmred characterlstlc

TS0000381



WO 02/079870 , : ' ~ PCT/GB02/01464

10

15

20

25

30

-17-

| A second beam incident on a second spatially aistinct
area of the device is steered to a different direction by
selecting a different phase CHéracteristic for that second
area. This second area is likely to have a differént
distribution of Qoltages} Therefore in front of each
particularvback electrode thé 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 atiany 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

pikelfis modified due to correlations with the tilt in

front of the adjacent pixels, as will be described hext.

In addltlon to a . dependence on an applied electrlc
fleld the director orientation also depends on the
orientation of its neighbouring molecules, i.e. the )
orientations are correlated, due to elastic forces, with -a
typical correlation length of the 6rder of “a micron, which
is longer thanﬁgpe dead-space for typical sub-micron CMOS

processes.

There is no voltage applied .by the dead- space and

,hence the director orientation above the dead-space may be

determined by the orlentatlon\of the liquid crystal above
the active pixels on either side of the dead-space, as well
as by any fringe fields from theée adjacent pixe;s.

Additionally, the electric field inside the liquid crystal

above the dead-space takes some average of the electric

field above the two pixels either side, enhancing the
correlation and increasing the correlation léngth for the

director orientation.
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Therefore the phase modulation imposed by the dead-
space may be considered to be some_weighted avérége of the
phase modulation imposed by the adjacent pixels, where the
wéight 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 casé

of a regular 8 level 1-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 voitage differential with réspect to the front
electrode until the eighth‘pixel.b At the eighth pixel the
voltage on the‘back electrode with respect to the front
electrode is such as to provide near a selectéd maximum
phase shift by the liquid crystal layer. So that the
entire (here one-dimensional) érray can provide the desired

characteristicl 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.

The following paragraphs describe the improvements‘in'
the insertion loss that would be obtained if the deéd;épéée
were altered so as to reflect the light incident upon it.
This improvement is due to 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 modulatioh created by the

director correlations can improve the device diffraction

efficiency and can recover sgome 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 1-D m-level phase modulation,
with uniform phase modulation above the active area of each

pixel, and linear phase varlatlon across the dead- space, as

shown in Flgurew4 for the example of m—8 and a perlod of 8

7

pixels, the dlffractlon eff1c1ency into the first order can
be derived using Fourier series analy51s. 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 diffrachion 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 diffrection efficiency.
Note also, that if the flyback is outside the active area
of illumination,'the efficiency penalty due to flyback is

removed, ' . : o —
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- Assuming thé light reflected from the dead-space to 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 the dead-space for the first
(and strongest) diffraction order has been caiculated and
is shown in Figure 5 as a function of the pixel pitch, for
contours of the number of phase levels, and for a dead-
space width of 0.5 pm. 'The results show that the résidual»'
loss penalty decreases with the number of phase levels.
This is because for m phase levels then a fraction (m-1)/m
of the dead-spaces acts to improve the diffraction
efficienéyAwhile a fraction 1/m. is flyback dead—épacé which
decreases the diffraction efficiency. . Figure 5 also shows
;he insertion loss penalty for normal dead-space and a 1-D _
SLM. All points on the graph were calculated‘assuming that
thé number of phase levels is equal to the number of pixels
per period. ,

The results in the figure show clearly that thrée
significant improvements in device performance may be

achieved by making the dead-space reflective. Firstly the _

loss pénalty 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 optical crossbar switches, because the
length of the beam-steefing 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, the -

results in the figure are for a dead-space width of 0.5 um,

'cbrrésponding to a CMOS feature size of 0.25 um.
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Comparison with. the results in Figure 1, bearing in
mind the need to halve/the values on the graph to convert_
to 1-D phase modulation, showé that the dead-space loss
penalties for this width of reflecting dead-space are. '
reduced to a similar level to those with a much smaller
feature size of 70 nm, and‘hénté.é much lower awvailable
voltagé., Therefore the results show'that, fdr an -
acceptable loss penalty, larger CMOS processes may be used
allowing the fabrication 6f switches with a faster
reconfiguration tiﬁe as explained'previously. Therefore a
reflecting dead-space facilitates improvements in switch
ingertion 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 inside the substrate.

While the above-described improvements in performanée

'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 making

the dead-space reflective.

The following paragraphs describe an'exemplary'device

n which a layer of circuitry is used td reflect the light

passing through the dead-space.

CMOS fabrication processes allow several overlying
layers of circuitry, with connections between the layers as

necessary. Referring first to Figure 6, an SLM 10 has

. drive éircuitryi30 associated with the VLSI backplane for

. .controlling phése 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
ligquid crystal layer is a transparent common electrode

layer 25 deposited on a cover glass 26.

The top layer 20 is deposited on a first optical
plénarising layer 21 that.createe an optically flat surface
on top of the drive circuit components for each pixel.
Connegtibns_are made between the drive circuits and back:
electrodes. Reflecting dead- space is 1mp1emented by
1ntrodu01ng an 1ntermed1ate layer 22 of c1rcu1try 1nbetween
the back electrodes and the drlve circuitry 30. The
intermediate layer 22 consists of a mesh of 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

metal.

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 1ight reflected
from the dead-space is in-phase with that reflected frem
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
wavelengths, n, inside the optical media at the design

wavelength and design angle of incidence.
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However, in practice the devicés are used for a range
of waveiengths. Changing the'actual 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 deétructive interference, thereby increasing the
insertion loss penalty due to the dead-space. At a given
wavelength difference from the mean design value, this
‘effeét gébs worée as the integer n increases. Hence this
intéger, n, should be as small ag posgible in order‘to

‘maximise the wavelength range of the device.

In practice the back electrodes 20 have a finite depth
of, typically, a'ﬁew 100's of nanometres. Hence there will
be inevitably.some additional phase modulationvapplied by
the depth of ligquid crystal direcﬁly in between and below
the-top surféce of thé'back electrodes. Thié could be
avoided by depositing a vefy thin damascene layer on the
back e%ectrodes; és shown'in‘Figuﬁe 7.  This structure also
has the advantage‘of providing a uniform surfaée for
appliéation of the liquid crystal alignment layer, and
therefore should ensure good alignment of the liquid

crystal above'the dead-space.

While Figures}&%éﬁ&??téhéw Ehe generic case of an SLM
with ref;ecting dead-space, for a polarisation independent
multiple phase modulating SLM it is advantageous tb include
a quérter—wave plate 32 intermediate-the back electrodes
and liquid crystal, as shown in Figure 8. BAgain, for
successful operation of the guarter-wave plate and
reflecting deadQépace it may be 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.

In the illustrated embodiment, the intermediate metal
layer 22 extends only to fill 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
eleotrodes for capacitance effects. 1In 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 1ightshield 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 pixel 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 pikel formed of upward (or downward) steps
in accordance with the front electrodes. Hence instead of
each pixel electrode representing a slngle step change in
effect on the liquid crystal overlying it, the desired ramp

in phase shift 1s more closely followed. As an example,

- where three front electrodes are prov1ded 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 édjacent
front electrodes being'respectively above‘and below that
applied to the centremost electrode. Where the pixel
electrodes riseﬁin voltage frbm one to the next, thefe'will
be one higher véltage front electrode to one gside of the
inter-pixel spaée, and one lower voltage front electrode to
the other side of the space. Consideration of this state
shows that the average state of the liduid crystal device
over the space will be such as to smooth the transition

between the pixels.

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
.connected'to a desired pdtehtial. “In another embodiment,

the metal layer ié'conhected 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 conneéted to 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 10, in
which one portion 40 of the mesh is isolated from the other
portions, and circuitry 41 connects to a wiring 6n the.

substrate, in turn connected to a selected potential.

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 light incident on the dead- space megh ig

reflected back into the substrate from the rear side of the

. back electrodes. With continued reference to Figure 9, for

a dead-space mesh positioned a distance g behind the front
surface of the back electrodes, and an angle of incidence 0
measured inside the planarisiﬁg layer, the light incident
over a fraction 2q tan 6 / d of thebdead-space is 'lost' in
this manner. The effect on the diffracticn efficiency may
be calculated usiﬁg Fourier series anaiysis, and treating
this light leakage as belng equivalent to multlplylng the

phase modulating hologram by another pixel 'window:

function with an amplitude of zero over a fraction 2g tan 6

/ d of the dead-space and an amplitude of uﬁity elsewhere.
Hence for 1 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 factor given. in

egqn (3):

actual 1-D efficiency = (1-2.q.tan 6 / p)2 . efficiency in

‘normal incidence (3)

Therefore increasing the angle of incidence reduces
the diffraction efficiency. The diffracticn efficiency
also decreases with the depth,'q, of the planarising layer
between the dead-space mesh and the back electrodes. Hence
it is again advantageocs to keep as low as possible the
integer number of wavelengths in the path difference
‘between the light reflected frcm the dead-space andbthaﬁ

reflected from the back electrodes.
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Reflectingbdead-spaee SLMé 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

5 different,

. In an alternatlve solutlon, the back electrodes may be
7”p1xellated but adjacent electrodes may be disposed in

'dlfferent planes to substantlally eliminate dead-space.

10
Although the embodiments are described as having a
front electrode that is common to the pixel area, the
invention is also appllcable to other s1tuat10ns In one
alternatlve, there is prov;ded a single front electrode per
15 pixel. '

An embodiment of the present invention has been
described withvparticular reference'to.the examples
illustfated...However, it will be appreciated that ‘

20 variations and modifications may be made to the examples

described within the scope of the present invention.
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CLAIMS
1. 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 beck electrodes to reflect light
incident.in the_epaces between the‘back electrodes

substantially in phase with the light reflected from the

- back electrodes.

2. The device of Claim 1 wherein there is provided a

single front electrode per element.

3., The device of Claim 2 wherein the front electrode is

common to the array of elements.

4. The device of Claim 1, 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
said drive circuitry, and wherein a portion of said drive

circuiltry provides said reflective layer.

5. The device of Claim 1, 2 or 3 heving drive circuitry

on a eubstrate, 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.

6. The device of Claim 1, 2 or 3 having drive circuitry
on a substrate, a first planarising layer disposed on said
drive circuitry wherein said reflective layer is dispoéed
on said first planarising layer, and a second planarising
layer disposed on said circuitry layer and said first
planarising layervwhe:ein said back electrodes are disposed
on said second planafising layer, wherein respective
wirings pass through said planarising layers from said back

electrodes to said drive circuitry. -

7. The device of any preceding claim having a further

planarising'layer disposed over said back electrodes;

8. The device of any preceding claim having a wave,plate
disposed over said back electrodes. '
9. The device of any precéding claim wherein said
reflective layer is composed of metal.

10. The device of any preceding claim wherein said
reflective layer extends only to substantially £ill said

spaces between said back electrodes.

11. The device of any of Claims 1 - 8 wherein said

reflective layer extends beneath said back electrodes.

.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 precedlng claim further comprising -
c1rcu1try for connectlng at least a portion of said

reflective layer to a selected potential.

15. The device of any'preceding claim, wherein each

element has plural front electrodes.

16. A method of steering'light having a first direction to
a de51red second dlrectlon, ‘the method comprlslng

cau51ng a beam of said llght to be 1n01dent upon a
reflectlve liquid crystal device;

' selecting g desired spatial phase modulation
characteristic for said liquid crystal dévice thereby to
provide a deflection from said first direction to said
second dlrectlon, and

providing a spatial distribution of phase levels
across said llquld crystal device to at least approximate
to said desired character1st1c,»

wherein the step of providing a spatial distribution
of phase levels cbmprises dﬁiving said liquid crystal at
sequential spaced driving locations to produce rising
discrete phase levels; and

, smoothing transitions in phase between said spaced

driving locationé by providing further locations between
said spaced,driving locations, and reflecting said light

through séid liquid crystal in said further locations.
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17. A method accordihg to Claim 16, wherein said step of
driving said liqﬁid cfystal comprises providing electrodes
at said discrete driving'locations, and applying voltagés
to sequential electrodes to cause said rlslng phase: levels

due to the llquld 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.

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, comprisihg providing a
reflective layer. disposed behind the electrodes whereby
said liquid crystal device is reflective.

21. A method according to Claim 19, wherein.the step of
providing reflective elements comprises dispoSing the ‘
reflective.elements at a distance béhind said electrodes
such that light reflected thereby leavés»said ligquid
crystal device substantially in phaée with light refiedtéd

by said electrodes.

22. An optical routing switch comprising at least one beam

steering device according to any of Claims 1 - 15.
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Tuncble semloondudor laser with liquid
- arystd pixel mirror in grating-Joaded externa
_cavity

Ci-Ling Pan, Shang-Huang Tsai, Ru-Pin Pan,
Chia-Reng Sheu and S.C. Wang

The wavelength of a commercial red pointer lascr diode has been
tuned over 4nm digitally in 0.2nm steps with a folded telescopic
grating loaded external cavity incorporating a liquid crystal pixel
mirror. The sidemodc-suppression ratio of the laser was better than
-20dB throughout thisrange.

: - 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 Littrow and grazing-incidence gratings, Fabry-
Perot etalon or interference filters, as well as electro-optic or acou-
sto-optic tunable filters [1]. In particular, liquid crystal devices have
been employed successfully 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 Mears [5], on the
other hand, employed holographic gratings electro-optically written
on a ferroelectric 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 nm. 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.

objective laser

grating

LCPM AN

Fig. 1 Schematic diagram of clectramcully tunable semiconductor luser

with liquid crystal pixel mirror in folded telescopic grating-louded exter-

nal cavity

A schematic diagram of the laser is shown in Fig. 1. A low-power
red laser diode (LD, A == 640nm, 1.5r0W) 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/
mm) 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 (f = 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-
structed with a 6um-thick NLC (E7 manufactured by Merck) layer
sandwiched between indium-tin-oxide (ITO) glass plates. One of the

ITO electrodes was patterned. The pattern consisted of 50 100um x

2cm stripes with Spum spacing. The polariser was aligned to transmit
light parallel to that of the incident laser polarisation. The back mir-
ror was an Au-coated silicon substrate. Narrowband laser oscillation
at the desired wavelength is realised by electronically selected optical
feedback of the retro-reflected light from one pixel of the LCPM to
the laser diode. 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 AA
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determined by the centre-to-centre separation of the adja-cent pikéls‘

‘AII .

AX=Acos8,Az/f e

where A is the grating period, 6, is the first-order diffraction angle,
and f is the focal length of the lens

Mainly limited by the extinction ratio of tlie 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 switching voltage of the LCPM is
4V, (peak-to-peak) at 10kHz. Complete switching from the off- to

on-state is achieved at 10V, 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 7 ITO

St |Auj PJGESAINLC| SA |IG

bt
I

incident laser beam

Fig. 2 Configuration of LCPM
G: glass plate; ITO: indium-tin-oxide coating; NLC: nematic liquid

crystal; SA: surface alignment layer; P: polariser; Au: evaporated gold |
coating; Si: silicon substrate

o
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Fig. 3 Narrow-linewidth output spectru of tunable laser as successive pix-
els were biased
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The laser wavelength can be tuned from 636 to 643nm discretely
in 0.20nm steps by biasing sequentially the pixels (see Fig. 3). The
sidemode suppression ratio (SMSR) of the laser was better than
20dB throughout this range. In Fig. 4, we plot the lasing wavelength
against the pixel number. It is in good agreement with the theoretical
prediction according to eqn. 1. The w'évelength re-setability of the

_ present laser is excellent. Afier switching to a different pixel, the

laser wavelength is reset. Realignment of the laser cavity is not neces-
sary. The tuning range of the laser is limited by the reflectivity of the

front facet of the LD. With antireflection coating such thatR < 1% .

for this facet, the tuning range of the laser can easily exceed several
tens of nanometres [7, 8). The SMSR of the laser output can be
improved if we employ LCPMs with higher contrast ratios.

In summary, we have realised a novel tunable semiconductor laser
by using a folded telescopic grating-loaded external cavity with a lig-
uid crystal pixel mirror (LCPM) at the focal plane of the folded tele-

_scope. We achieved narrow-band (< 0.1nm, instrument-limited)

electrically-tanable output from 636 to 643nm in 0.27nm steps with
alow-power red LD in a commercial laser pointer. The SMSR of the
laser output was better than 20 dB throughout this range. The tun-
ing range and SMSR are limited by the reflectivity of the front facet

of the LD and contrast ratio of the LCPM. The wavelength switch-

ing time was ~175ms. The use of different liquid crystal materials
and surface alignment techniques can speed this up.

Acknowledgments: This work was partially supported by the
National Science Council of the ROC under various grants.

ELECTRONICS LETTERS =

" ©IEE 1999

19th August 1999 Vol. 35 No. 17

29 June 1999
Electronics Letters Online N o:.19990960 ’
DOI: 10.1049/el:19990960

Ci-Ling Pan, Shang- Huang Tsai, Ru-Pin Pan, Chia-Reng Sheu and S.C.
Wang (Nananal Chiao Tung University, 1001 Ta Hsueh Roud, H:mchu
Taiwan 30010, R epublzc of China) )

E-mail: clpan @cc.nctu.edu.tw

References

1 ZORABEDIAN, P.: ‘Tunable exlernal-cavilj semiconductor lasers’ in -

DUARTE, F.J. (BEd.): Tunable lasers handbook’ (Academic Press, San
Diego, 1995), pp. 349442 '

2 ANDREWS, JR.: ‘Low voltage wavelength tuning of an external cavity
diode laser using a nematic liquid crystal-containing birefringent
filter’, IEEE Photonics Technol. Lett., 1990, 2, (5), pp- 334-336

3 MAEDA,M.W,, PATEL,JS, SMITH,D.A., LIN,C., SAIFl,M.A, and VON

LEHMAN, A.: ‘An electronically tunable fiber laser with a liquid-crystal
etalon filter as the wavelength-luning elemem IEEE Photonics
Technol. Lett., 1990, 2, (11), pp. 787-789

4 MOLLIER,P, ARMBRUSTER,V, PORTE,H., and GOEDGEBUER,JP:
‘Electrically tunable Nd’*-doped ﬁbre,,laser ‘using nematic - liquid
crystals’, Electron. Lerr., 1995, 31, (15), pp. 1248-1250

5 PARKER,M.C., and MEARS,R.L: ‘Digitally tunable wavelength filter and
laser’, IEEE Photonics Technol. Lett., 1996, 8, (8), pp. 1007-1008

6 MATSUMOTO,S, HIRABAYASHIL M., SAKATA,S, and: HAYASHLT:
“Tunable wavelength filter using nano-sized droplets of liquid crystal’,
IEEE Photonics Technol. Lett., 1999, 11, (4), pp. 442-444

7 WANO,C.-L, and PANC.L.: “Tunable dual- wavelength operation of a
diode array with an external grating-loaded cavity’, Appl. Phy: Lett N
1994, 64, (23), pp. 30893091

8 WANG, C.L., and PAN,C.-L.: Tunable picosecond pulse generauon from"

. an acuvely mode-locked laser diode array with intracavity chirp
compensation’, Jpn. J. Appl. Phys., 1994, 33, (2), pp. L1456-1.1458

TS0000404




e

e

© (26) Publication Language:

A0 A S

(12) INTERNATIONAL APPLICATION PUBil‘SHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Orgamzatlon
: Imematlonal Bureau ’

(43) Internatlonal Publication Date
12 April 2001 (12.04. 2001)

WMMMMWWWWWMMWWWMMMMM

(10) International Publication Number

WO 01/25848 A2

(51) Ihternational Patent Classification”:’
(21) Interndtional Application Number:
(22) Intematlonal Fllmg Date: 4 October 2000 (04.10.2000)

(25) Filing Language: Enghsh

(30) Priority Data: ) T
9923428.8 4 October 1999 (04.10.1999) GB

(70 Appllcén't .(for all des;gnafed States except US):
* THOMAS SWAN & CO., LTD. [GB/GB]; Crookha]l

Consett, Durham DH8-7ND (GB)

(72) Inventors; and v .

(75) Inventors/Applicants (for US only): WARR, Steven
[GB/GB]); 11 Monkley Court, Piggotts Road, Caversham,
Reading RG4 8EW (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, Nias [GR/GR]; Nea Figalia, GR-270 56 Olympias
Hleias (GR). REDMOND, Maura [GB/GB]; 24 Thornton
Road, Girton, Cambridge CB3 ONW (GB). WILKIN-
SON, Timothy [NZ/GB]; Jesus College, Cambridge CB5
8BL (GB). HOLMES, Melanie [GB/GB]; The Forge, The

GO2F 1/31

PCT/GB00/03810 -

English

Street, Brundish, Woodbridge, Suffolk IP13 8BL (GB).
ROBERTSON Brian [GB/GB]; c/o Raymond Robertson,
75 Poplar Avenue, Hove, East Sussex BN3 8PT (GB).
(74) Agents: NEOBARD, William, John et al.; Page White &
Farrer, 54 Doughty Street, London WCIN 2LS (GB). '

Designated States (national): AE, AG, AL, AM, AT, AU,
AZ,BA, BB, BG, BR, BY; BZ, CA, CH, CN, CR, CU, CZ,
DE, DK, DM, DZ, EE, ES, F1, GB, GD, GE, GH, GM, HR
HU, ID, IL, IN, IS, JP, KE, KG, KP, KR, KZ, LC, LK, LR,
LS, LT, LU, LV, MA, MD, MG, MK, MN, MW, MX, MZ,
NO, NZ, PL, PT, RO, RU, SD, SE, SG, S, SK, SL, TJ, TM,
TR, TT, TZ, UA, UG, US, UZ, VN, YU, ZA, ZW.

(1)

Designated States (regional): ARIPO patent (GH, GM,
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZW), Eurasian
patent (AM, AZ,BY, KG, KZ,MD,RU, TJ, TM), European
patent (AT, BE, CH, CY, DE, DK, ES, FI, FR, GB, GR, IE,
IT, LU, MC, NL, PT, SE), OAPI patent (BF, BJ, CF, CG,
CI, CM, GA, GN, GW, ML, MR, NE, SN, TD, TG).

49

Published:
Without international search report and io be republished
upon receipt of that report.

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations"” appearing at the begin-
ning of each regular issue of the PCT Gazette.

(54) Title: OPTICAL SWITCHING WITH FERROELECTRIC LIQUID CRYSTAL SLMS

G f

3 4 \7

I+,

<5 "7

(57) Abstract: An optical switch uses two ferroelectric liquid crystal spatial 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
modulator to an output array. Each spatial light modulator dlsp]ays arespective hologram selected from a previously calculated set,
to cause a desired switching of light from the input ﬁbre array to the output array.

0 01/25_8-48 A2

TS0000405



WO 01/25848

10

15

20

25

30

nnnnnnnnn

Optical Switching with Ferroelectric liquid crystal SILMs

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.

Backgrouhd 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 interconnecting N
optical inputs to ‘M optical outputs (where N and M are
generally, but not necessarily the same number), are

particuldarly desirable.

Some prior art switches are limited in functional size to

less than 64x64. Others suffer from relatively poor noise '

performance.

One useful known'configufation 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 specificv-outputs.

Adapting the device of Figure 15 to use reconfigurable’

holograms as, elements for deflecting optical beams in

free-space between arrays of optical inputs and optical

outputs provides a reconfigureble switch by ‘means .of
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modulator.

There are, however, = some practical design problems

associated with the migratidn from a static optica1

shuffle to a reconfigurable switch. -

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 ndérolenses, which
are.difficﬁlt and expensive to produce, as well as being
of questionable accuracy and poor reproducibility. Both
of these defects lead to crosstalk. The hblogram
displéying. - devices used in‘,recohfigﬁrable< holograﬁ
switches have been found to be less than perfect, in that
they"allow beams of direct light to pass through when a
deviationv was required instead. Clearly the direct
component ‘(referred to herein also as "zero. order"” light)

gives rise to crosstalk.

A  third prpbiem 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 polarisation insensitive

manner.
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These effects can be addressed by selection of ' the
Vholograms..'However _Staté_ 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 leaét partly overcomes the problems of

the state of ‘the art.

Summary of the invention

According to a first aspect of the present invention

‘there is provided an optical switch comprising: an input

optical fibre'array and a receiver array, .and an optical
system‘connecting.thé input.opticai fibre array.to~the.
receiver array wherein the optical system - comprises a
first bulk iens for_‘feceiving‘ light from ~the input
optical fibre array, a first ferroelectric liquid crystal
spatial light médulator, a second ferroeiectric ‘liquid
crystal spatial 1light modulator, each spatial 1light
modulator being adapted for providing a ~respective
selectable set of holograms, an ‘interconnect region

between .said first and second ferroelectric “liguid

'crYStal spatial light modulators, .and a second bulk lens

providing-output light to the oﬁtput array.

‘In one embodiment, the optical switch further comprises a-

pair of lenses disposed respectively between‘said.first

bulk 1lens and the’ first spatial 1light modulator, and

between the second spatial light modulator and the :second

 bulk lens.

'SUBSTITUTE SHEET (RULE 26)
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In another ‘embodiment, the . optical switch further

comprises a pair of lenses disposed between said spatial

light modulators to define there between  said -

interconnect region.

In a first class of ~embodiments, said spatial 1light

modulators are transmissive.

. In one embodiment of said first .class, the first bulk
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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 leﬁs,
said second lens for receiving said coilimated light
beams and providing a corresponding plurality of muﬁually
parallel beams and -said'jthi;d lens being disposed for
receiving said mutually"pa;allel beams and collimating
said beams, and said second bulk lens is a fourth lens
being disposedl for focussing said beams onto said

receiver array.

In a second embodiment of said first class, the first
bulk 1lens -is disposed to .p:ovide a.‘plurality of
collimated light beams from said input optical fibre
array, said pair of lenses comprises a second lens and a
fourth 1lens, 'the said second lens for - recgiving 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 'providiné
mutually divergent output. beéms,” and the fourth lens
being disposed for - recéivihg' said mutually divergent

beams and collimating said beams wherein said second bulk
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5
lens is a fifth lens being disposed for focussiné_said'

beams onto said receiver array.

' This second embodiment has the advantage of allowing path

length reduction by comparison with. the abOVe—diScussed-

first embodimeﬁt.

In a third embodiment.of_said"first class, the first bulk

lens is dispbséd to provide a plurality of collimated
light beams from said input optical fibre arréy, said
pair of lenses comprises a second lens and a foufth lens,
the said second lens for receiving said collimated light
beams and proiiding a correspbnding plurality of mutually

convergent beams, the optical system further comprising a

‘third 1lens having. a positive power, receiving said

convergent beams and providing mutually divergent ..output

beams as a uhity conjugate lens, and the fourth lens

:being__diéposed for receiving'_said mutually divergent

beams=and'collimating said beams wherein said second bulk
lenslis a fifth 1lens beiﬁg disposed for focussing said

beams onto said receiver array.

This third ehbodiment allon path also has the advantage
of éllowing path léngth'reduction by cémparison with:  the
abové-diséusséd first embodiment,:but to a lesser degree
than the second embodiment. However the use of the rela&

lens may enableAeasier'cpntnol of optical aberrations.

In an advantageous modification, the optical system has
an optical axis cand 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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This configuration can allow undeflected signals, termed’
herein zero-order signals , to pass through - without

causing cross talk

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 fifth lenses are disposed on the system optical axis

and 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.

In a second class of embodiments, the spatial 1light

modulators are reflective.

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 that 1light 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 1lens disposed to form an optical magnificétion

stage.

In a first modification, a relay lens is disposed in the

interconnect region.

IN a second mddificatioﬁ,. a field lens is disposed in

the interconnect region.
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To provide immunity from cross talk, the —relay-  or

respectively field lens may be 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 compxising'afrespective 32X32 arréy of ports, and

said ports are disposed at. normalised coordinate

- locations defined by:

Input Port - ‘ Output Port

Locations i Locations
e . B2 ' Mo +» Eo)
(-*/60 » —/12) (+7/60 » =1/12)
(=730 » -'/12) (+1/30 » =1/12)
(=*z0 » ='/12) (+%/20 » =1/12)
(/60 » —/15) Y e— Py
(=730 » —/15) (+*/30 » —'/15)
(—*/20 , '.-r/is) . (+'/20 ., —*/15)
(—*/60 + —/20) v (+*/60 « —*/20)
(‘1/3‘q 720 . (+*/30 + ='/20)

P : (=*/20 » =*/20) (+*/20 » -1/§o)
(=*/60 » =/30) (+'/60 » =/30)
(="/36 » =*/30) {+¥ /30 » ="/30)
(/20 » 'T_/so) - A+Y20 » ~/30)
(/6o + /&) . (+1/60 » '_1/60)-
(=730 , —Al/so) {(+*/30 » —"/s0)

. (=70 » =/ 60) (+1/.zo ’ -1/66)
(“_llso » 0) (+'/60 » 0) .
(=*/3 + 0) (+*/30 » 0)
(=*/20 , 0) (+%/20 , 0)
(=*/60 » *+'/60) _ (+ /60 » +*/60)
(=*/30 » +/50) " (+/30 , +/60)
(=*/20 +» +*/50) (+/20 » +'/¢0)
(=*/60 » +'/30) L (+1/60 » +'/30)
(=*/30 » +'/30)° (+3/30 + +'/30)
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(=*/20 , +'/30) . (+1/‘zo ’ +r/3’0)
“A=~Y/e0 » +*/20) '("'l/so ’ +T/zo)
(=*/30 » +'/20) (+* /30 + +/20)
(/20 + +'/20) (+1/20 » +/20)
(=760 » +/15) (+/60 » +'/15)
(=*/30 » *+'/15) (+ /30 , +'/15)
(=720 » +'/1s5) - (+%/20 » +/15)
(="/60 ’ 12 . (+/e0 » +'/12)
(=730 » +'/12) (+/30. ;l'l/ln)

In a_secbnd-aspect of the invention, there is'provided'an
optical switch cdmprising, 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 binary

. reconfigurable spatial light modulator, a second binary

réconfigurable ‘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 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 qircuitry for selecting one of said sets
according to a desired switching " function, each - stored
set of hélogram,data being'calcula;ed 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

ASUBSTITUTE SHEET (RULE 26)
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replicating said base cell pattern data until the entire

aperture of the spatial light modulator is filled.

in a third aspecf of the inventioh there is provided an-
5 optical sQitch comprising an input optical fibre array
.and a receiver array, and an optical system connecting
the input optical fibre ariay to the receiver. array:
‘wherein the optical system comprises a = first
_ ferroelectric liquid crystal spatial light_modulatqr, a’
10 vsecohd ferroelectric . liquid crystal = spatial : light:
m&dulator, each spatial light modulator being adapted for
- providing a respectiye selectable set of holograms each
for a desired Switching operation, and a pair‘of ienses
between said first and second ferroelectric .liquid
15 érystal | spatial light modulators for defining
therebetween an interconnect region, wherein each spatial
light modulator .combrises a display screen, memory:
cifcuitry fof a plurality of sets of.hélogram data. and
selection circuitry for _selecfing one of said sets.
20 according to a desired switching function, each stored:
set of holograﬁ data being calculated by: k
" determining principal repléy coordinates of a said
hologram according to a desired switching function;
using séid coordinates: . . 4
25 calculate the size in pixels of-a base cell; and
evaluating a'base.celi pattern by a phase
quantiSation proéedure;
- and _
replicating said base cell pattern data until the entire

30 aperture of the spatial light modulator is filled.

Advantageously said step of determining principal replay

‘Coordinates of a desired hologram comprises

SUBSTITUTE SHEET (RULE 26) -
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determining the normalised angular deviation ubbn a
collimated paraxial_beam required of a desired hologram;
deriving from said deviation the principal replay mode

coordinates for said desired hologram.

Preferably said step of calculating cémprises 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 theAnumbef of pixels for said base cell pattern.

According to a fourth aspect of the invention there is

provided a method of producing'é phase-only computer

' generated hologramAfor'a pixellated hologram device,

having a respective (x,y) plane and a predetermined
number of uniformly distributed phase levels, the method
comprising: ' . _ ' B
determining prihcipal replay»éoérdinatés Qf'a desired
hoiogram; A | P
using said coordinates:

calculating the size in pixels of a base cell; and

evaluating a base cell pattern by a phase

quantisation procedure;

-and -

replicating said base cell in the plane of the said

- hologram device until the entire aperturé of the device

is filled.

Advantageously said Step of determining principal reblay
coordinates of a desired hologram comprisés <
determining the normalised angular deviation upon a-

collimated paraxial beam required of a desired hologram;

| SUBSﬂTUTESHEET(RULEZG)"f
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deriving from said deviation the principal replay mode -

coordinates for-said desired hologram;

Preferably éaid step of evaluating comprises:

converting said coordinates to rational numbers each
comprising a. numerator and a denominator, wherein Saidv.
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.

.Advantageously the method further comprises constraining

said numerator and denominator by a,predetermihed

mathematical relationship.

-Conveniently said mathematical relationship is specified

by
~4D<sN:s{D: -{D:<N,s{D,  '1sD,sR, [1sD, <R,

where N,, N, are said numerators and Dy, Dy are said

denominators.

Preferably said evaluatiﬁg step Comprises defining a
spatially sampled phase screen using said rational

fractions such that

Nx‘ N,
kl)=k—+1—
D)=k

wherein ¢'is the phase screen, k =0,1,2 ..(Dyxy-1) and 1=

0,1,2 ..{Dy=1)

Preferably again said evaluating step further comprises:

SUBSTITUTE SH EET (RULE 26)
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_phase-Quantising said phase screen to said predetermined

~number of uniformly distributed phase levels using

0. (6.1) = exp(aix intfp D wlv)

where Ps(k,1). is the final sampled and quantised

representation of the base-cell pattern”fOr the target

hologram device,
j is the complex operator (él)?,exp(m)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 in?ention concefn switches
based on ferroelectric liquid crystal (FLC) Spatial Light
Modulators (SLMs) using in-pléne switchihg 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 cbmpérison of the efficiency and cross-talk of
quad and binary phasé ‘only holograms based oﬁ
ferroelectriq 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,vneither can thé

crosstalk except with considerable difficulty.
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ABfief’descriQtion of the drawings

Exemplary embodiments of the invention will now pe
desc:ibed with reference to the accompanying drawings in

which:

useable in an optical switch according to the invention;

Fig 2 shows a schematic diagram of first embodiment of an
optical switch in.-acéordance with the invention, based

upon the cbnfiguiatipn of Figure 1;

Fig 3 shows an énlarged view of the intérconnect region °

of Figure 2, and illustrates the'Gauséiéd'ﬁéiﬁt]éf;thg_ﬁ'

beams as they traverse the interconnect region;

Fig 4 is a plot of the expected noise isolation between
any 2 adjacent optical paths given aberration-free
optics; '

e

Fig 5 shows a first modification of the switch of Figure

2, including an additional negative power lens;

25

30

Fig. 6 shows a second modification of the switch of Figure

2, including an_additional positive power lens;

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 10 shows a partial block schematic diagram of an

embodiment of _an 'optical switch according to the

invention, showing connections for generation, storage,

and selection of holograms; Co

Fig 11 shows an  arrangement for viewing a computer’

‘generated hologram using collimated perpendicular light,

PCT/GB00/03810

with the replay image being formed in the focal plane of o

an infinite conjugate-ratio lens;

Fig. 12 shows a phase—scréen for a holdgrém using the

method of the invention;

Fig 13 shows a replicated or tiled base cell pattern

‘across the aperture of a hologram device;

- Fig l4a-c show exemplary base céll frame sequences; and:

Fig 15 shows a prior  art switch = useful in

understanding the present invention.

Description of the preferred embodiments

In the various figures, like reference numerals refer to

like parts.

Starting by referring to Figure 15, an array of optical
sources (101) and an array of optical receivers (107) are
arranged as the input elements and output elements of a

‘holographic switch. For many applications, the sources
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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 digitel or_analogue'optical signal through the

switch to one (or possibly several) of the outputsv(loj),-

Thus up - to N different signals may be Simuitenenn31y
passing. through the "switch at any inStanﬁ. Thetviight
anplied_at eaeh input may Consist of a single-wavelength
medulated by data:. a number of different data sources

operating at different Wavelengths (e.g. a wavelength-

muitiplexed system); or a',continuum of wavelengthe.

Although the switch is shown in cross—Section.inEPigure

15, the input & output arrays (101,107) are typically 2-

dimensienal-arrays, and the holographic Switch‘comprises

a 3-dimensional volume.

To achieve switching, the input array (101)_is arranged

behind a lens array -(102). _Eech 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
deviee {103) . ‘The hologram device (103) displays a
holographic pattern of. phase and/or. intensity ‘and/or
birefringence tnat ‘has been designed to produee 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

(103) may also have the effect of splitting an individual

‘beam into several different angles or diffraction orders.

fbné'Epplication for utilising this power splitting :effect

is to route an input_port to more than one output port.
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Thé deflected' optical_ signalé propagate in free-space;.
across. an interconnect region (104) until they reach a
second hologram device (105). The hologram pattern at
5 the second hologram device (105) is designed in such a
V4way to .reverse the . deflections introduced at the flrst-
hologram device (103) so that the emerging signal beams

are parallel with the system optic axis again.

10 Thevoptiéalfsignals'theh pass through'a second lens array
(106) where each lens focuses ,its asséciated optical '
51gnal into the output ports of the receiver array (107) .
-Thus  the hologram pattern- dlsplayed on the first hologram

» device (103) and the associated - hologram pattern

15 displayed on the second hologram device (105) determine
which output.fibre or fibres of the receiver array (107)
receive optlcal data from which input fibre or fibres of
the_ input array (101). The interconnect region (104)
allows the signal beams to spatially‘reorder in a ménner_

26 vdetermined by the‘specific hologram patterné displayed. on

‘the first and second hologram devices (103, 105j. The
" switch also operates reversibly such that outputs (107)'

may transmit optical signals back to the inputs (101).

25 In seeking to replace the fixed hologram devices of
Figure 15 with reconfigurable devices, a number of

problems arise, including the following:

1) In 6rder' to implement such a holographic switch- an

30 appropriate set of hologram .patterns must be chosen.
This hologram set must be capable of routing any input
channel to any output channel whilgt"kéeping 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.

The maximum angular deflectlon that can be generated by

a reconflgurable hologram is typically less than can be

_achleved by a fixed hologram. recording. The length of

interconnect region (104) between the planes of the

- first and second hologram devices (103, 105) s

10
15
3)
20
25
30
4)

N1DRBARAD 1

determined by this maximum angular deflection,A and
therefore a switch typically requires a greater free-

space optical path length than an optical shuffle.

»Because of component tolerances and packaglng d651gn

constraints, it is often highly desirable to minimise

this optical path-length.

The diffraction efficiency of a reconfigurable hologram
is typically less than 100%, with some proportionnof
the shortfall exhibited as an undeflected "zero-order"”

signal passing straight through the flrst and-: second

"hologram devices . (103, 105). Without further

enhancement to the switch, these undeflected 'signals
give rise to unwanted noise 51gnals in the recelvers,
e. g. a fraction of the 51gnal from input 1 ,always
reaches output 1 irrespective of the hologram states, a

fraction of the signal from input 2 always  reaches

output 2, etc. These signals corrupt @ the . proper

functioning of the switch.

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

iéyogt shown in Figure 15 is therefore no longer' '

'épptobriate.

Figure 2 shows the basic configuration of an NxN
holdgfaphic 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 holbgram

devices. An array (1) of optical sources is disposed on

the left as shown, and an array (9) of optical receivers

is disposed to the right, as shown.

'In the optical path between the input array (1) and the

receiver array (9) there are disposed, in order, a first
collimating lens (2), a first focuSing lens (4) a seqond
¢olliﬁating lens (6) and a second. focussing lens (8).
Each of these lenses is a bulk lens, thus avoiding the
use of microlenses, with their attendant problems df

accuracy, reproducibility and cost. The first collimating

- lens is spaced from the input array (1) and the second

focusing lens is spaced from the output array. The first
collimating 1lens (2) and the first focusing lens (4)
define therebetween a fan out fegion,‘the first focusing

lens and second collimating lens define therebetween an

interconnect region and ‘the second collimating lens and

the second focusing 1lens define therebetween a fan in

region.

Following input (1), * the array of optiéal signals'enter

free-space where they are collimated by the first
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collimating 1lens (2) which has a focal 1length of f£,.
‘Input array (1) 1is typiéally:ar;anged in the ba;k_focal
plane of lens (2) at a distance f; from fhéaﬁfihcipallﬁ‘
surfa@e. of the lens such that the signal béams are
5 collimatedA in different angular directions. Following
lens (2), the collimated signals propagate in thérfree—
space fan-out region (3) towards first focussing lens
(4), which has a focal 1length of f,. The signals
‘propagating in region (3) are angularly_dispersed by lens
le (2) so that. the collimated beams are éompletely 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
(S5) parallel to one another. Typically this copdition is
15 met by 1locating .the principal surface of lens . (4) -a
distance f,+f; away from the principal surface of 1lens
(2). An array of  focused spots is then typiéally_formed
in the front focél,plane of 1lens (4), somewhere within
'ﬁhe'interconnect région (5) . v
20 » V .
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_butput fibres (9).
25 Second focusing lens (8) is typically located a :distance
fetfy in‘ front of second collimating lens (6), andA'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. 1lenses
30 (2,4,6,8) may consist of . a -singlé bulk elemerit or
| equivalent component with optical power such as ‘cemented -
achroﬁats, comﬁound_lens systems; and/or mirror elements.

In addition, when the input sources (1) and output
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receivers (9) have the same optiéal numéfical apertu:e of
emission - and light  acceptance respectively  (e.g. the
inputs and outputs are single-mode fibres) then first

collimating - lens (2) ‘will have be similar to second

focusing lens (8), and first focusing lens (4) willvbef

similar to. second collimating lens (6). In this case, a

focal plane will exist exactly midway between first. -

focusing lens (4) and second collimating lens (6).

In the case of fibre-to-fibre switching: input and output
arrays (1,9) may contain fibres that have been cleaved or
end—polished.at an angle to reduce back reflections; may
be anti-reflection coatéd; or may ;onsist 'of a wave

guiding device to adapt the optical signéls to. the

correct positions and spacings. Alternatively, some.

construétion for producing 2-dimensional fibre arrays may

be used.

Referring to Figure 2, the switch is shown with first

(10) and second (11) binary hologram devices, in the

form of ferroelectric liquid crystal (FLC) spatial light

modulators (SLMs) disposed respectively on the outside of .

first chusing lens (4) and on the outside of second

collimating lens (6) about ‘interconnect region (5). It

‘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 arrangement shown is

advantégeous in that an odd number of bulk lenses ~here 1

-between the fibres and the spatial light modulators .

causes offset variations due to wavelength variations to

' be convertible to a tilt error at the dutput. As known

to those skilled in the art, tilt errors are less
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problematic fof,'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 as binary light
modulators although other binary light modulator devices:
may be used instead. The spatial light modulators are
located as close as poséible to outermost surfaces of the

firét'focusing and second collimator lenses (4,6).

The spatial 1light modulators  (10,11) ' are driven to

display various patterns of phase and/or intensity énd/or

~birefringence which are designed to deflect the optical

‘ prbpagation directions of the beams incident upon the

15°

20

25 .

devices. At any instant, ‘the hologfam;pattern displayed

at (11) must be designed to restore the deflections ;

introduced at device (10) . Thus the deflections

introduced by the holograms cause the input signals to be .

re—ordered and routed to the dutputs in a ‘manner

according to the hologram patterns displayed. As the

‘hologram patterns are changed, so is the routing of the

switch. In this embodiment of the invention, _optiéal-

switching is achieved without the need for lens. array.

components.: By using ferroelectric liguid crystal SLMs,
polarisation independence may be achieved. As will be

discussed later herein, this is an important feature

 where the incoming polarisation cannot necessarily be

30

determined

Design equations for constructing an NxN switch are .now '
discussed for - the  situation where - the optical 'signal .
beams hdve Gaussian TEMy, profiles. A Gaussian beam isba:

useful approximafibn 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
radial dimension changes but its profile remains Gaussian

according to the.following well-known propagation rule:’

N2 » '
w=w, 1+(Lzz) ‘ M
: 2aw;

where Wo 1s the Gaussian waist dimension'(minimum beam

radius) efbitrarily located at z=0, .
w is the transverse beam radius at location z/2,
z/2 is the propagation distance from the waist,
A is the central optical wavelength of the optical
signal beams. A

For applications where the ‘optical switch  system

i

'described' ‘with _respect to Figures 1 -and 2 is designed

”syﬁmetrically,.then»each signal beamiWill form a Gaussian

waist of diameter 2w"exac£ly' miaﬁay between - hologram
devices (10,11) 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 (1) above. In

addition, if the distances between lens (4) and hologram

.(10), and between 1lens (6) and hologram (11) are .

negligible, then f; and fs 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 (10,11) as small as

possible to shorten the interconnect length. However, it
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is also desirable to increase this same dimension to

reduce cross talk between adjacent signals. Figure 4 is a

plot of the expected noise .isolation between any 2

adjacent optical péthsv given aberratioh-free opticsf

Parameter y is defined by equation 2, as:

A system design limit of y .2 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

10

15

20

25

an optimum (minimum) value for Ah for a given value of Ah:

found by equating the first derivative of equation (1) ‘to-

zero (equation 3):

In addition, if the hologram devices are pixellated then

there exists 'a maximum useful angle of diffraction, i,

that can be introduced by these devices. This ahgle:

expressed in équation 4, ultimately determines  the’

minimum interconnect 1length, =z, that sustains correct:

operation of the switch:

A
b zg$- @)
where d is the hologram pixellation pitch,

A is the total used hologram aperture.

In the general case, spatial 1light modulators (10,11) may -

introduce angular diffraction about just one, or both,

axes of rotation and the hologram_pixellation pitchfmay.

differ between the x and y axial directions.
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»Equétions (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:

w ARf 299N ) g X | s
z~Ah( > )~4Nd(n7\.J )

Thus a 32332 switch construéted using holograms with 20um

feature size, operating . at. a central wavelength of

1.55um, and with- j=3, requires the spatial' 1ight

modulators (10,11) to be spaced apart by at least 95mm.
The insertion loss of the switch then increases g;adually
as the - injected wavelength deviates from the design

wavelength.

Equatidh (5) is the miniﬁum_ optical path—length design
for a holographic optical switch. . A full design cycle
for the switch must however also incorporate a procedure
for determining an appropriate set of hologram patterns.
Thisvhoiogram set must typically be at least capable of
routing any input to any output according to the
capabilities of the ‘holbqram devices Aused, whilst also
maintaining various switch performance targets éuch 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 pofts'othe:3than 1:1

SUBSTITUTE SHEET (RULE 26)

PCT/GB00/03810

TS0000429



WO 01/25848 . ’ . PCI/GB00/03810

25
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

5 equation 6:

2

2 = c(44)- o[ 2] e

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

10 and output port locations.

Each input port of the switéh illuminates a unique sub-
aperture region of device (ld) and each ,outﬁut',port
collects light from a unique sub—aperture region of
15. device (11). - Each sub-aperture must then contain a
| minimum number of hologram pixels in order to achieve the

correct switching functionality.

e

20 Eguation (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

nlg

2 ' S
G @
- .

25
A saﬁple of known data points for high—performance;SWitch ‘
designs i(z40dB noise isolation, <1dB loss variability)
based on square?packed input/output arrays and utilising
binary~phase hologram.devices such as ferroelectric-
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liquid-crystal - spatial-light-modulators (FLC-S1LMs) , is
tabulated below (Table 1): | |

Spatial
Switch - : Minimum Number
' Arrangement
Functiona A C of Pixels per
’ of Input &
1l size i Hologram Device
Output Ports
3 x3 - 3 x 1 b 24 207 x 1
9 x 9 3 x3 24 207 x 207
32 x 32 3 x 11 - 60 516 x 1891

Table 1 - Requirements for switch layout.

The maximum'angular deflection that can be génerated by a

breconfigurabie’ hologram is typically less than can be

achieved by a fixed hologram recording and a switch
typically therefore requires a relatively long free-space

optical path—length between Hologram deviéés.

Referring now to Figures 5 and 6, the physical distance

between hologram devices (10,11) 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.

Referring to Figure 6, a further lens element (12) with
negative optical power is placed as a field lens in the
centre of interconnect region (5), and lenses (4, 6) of

the embédiment 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 practice \
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of a single bulk element or equivélent compound component
'~ . with optical power such that (équation 8):
(fu"’fu)<(f4+‘fs) , 3
Where - f13 is the focal length of lens (13),
5 o fi4 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 f;3 equals f4, operation of the switch will be

10 maintained when element field lens satisfies equation 9:

2 . .
,ﬁz='_J£L—— ’ i (C))]
zfo—zfu : .
where f12 is the focal length of lens .(12),

fa ‘'is the focal length of the. lens being replaced.
15 )

Another embodiment is shown.iﬁ/figute 6, wﬁereoa further -

lens element (15) with positive optical power -is plaoed

as a unity-conjugéte relay 1lens in the. centre of
20 inte:connéct regioﬁ (5), and 1lenses (4,  '6)  of the

embodiment_of Figures 1-5 are repléced by lensés (16,17)
respectively with shorter'focalliengths.l 'Eachiof these
lenses . is a bulk lens and may consist in oractice of a
Vsingle bulk element or equivaient compound component:with

25 optical power such that (eqﬁation 10):

@fs+fetf)<Ui+f)) § (10
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"wherefys is the focal length of relay 1lens
(15), fi6 is the focalvlength of lens (16), and fiy is the
focal length of lens (17). '

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 functlonally identical to the
original switch design. The addition of relay lens (15)
compensates for the redUctien in focal 1length of (16,
17). For the common case -when f¢ equals f7, operatlon of

the switch will be maintained when relay lens (15)

‘satisfies equation 11:

f"——zf‘42'f,6 . an

Using a 32x32 switch as example, the optical path-length

_between hblogram devices (10, 11) for the -three

embodimentebis as follows.

For' the first embodiment,: discussed with respect to
Figures 1-4, it has already been established that a

minimal length for the interconnect region is 95 mm.

For the second embodiment discussed with reference to
Figure S, if f3 = f“ = 18mm then the central concave
element has a focal length of 5. 5mm, and the interconnect

length is 36mm.

For the third embodiment discussed with reference to:

Figure 6, 'if_'fis = fi17 = iBmm- then the central. convex
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29 .
element has a focal length of 5.5mm, and the interconnect

length is 58mm.

Cleé'rly the third embodiment is longer, but it has the

advantage of ease of control of optical. aberrations.

The diffraction efficiency of a reconfigurable hologram

is typically less than 100% due to imperfect optical

‘modulation and/or due to spatial dead-space within the

hologram pattern. Some proportion of  the:  efficiency
shortfall is often exﬂibited as an undeflected "zero-
order” beam where 'a zero-order beam is one that pés;es
straight through both hologram devices (10,11). Without
further enhancement to the  switch, these zero-order
signals can geh,érate cross talk_ in the output ports ahd

thereby corrupt proper switch function.

Where this is a problem the embodiments may be. modified

so that the =zero-order signals pass safely out of the

‘optical aperture of the system. Referring to Figure 7,

in a first sv_vitch, the input and output arrays (21, 29)
are offset to opposite sides of a 'System optic axis (18)
whilst all other componehts lr'em-ainr syinmetricaily on—-axis.
Thus the opti‘c axis (18) of the sys.tém pass.es through the
centre of all lens elements..in the switch, .‘ but the input
array"(21) is offset completely té one side of this axis,
ahd the output array (29) 1is completély offset -to the
opposite side. - In addition, it is apparent that. the
optimum aspect ratio for the input and output -iar_rays,
given the ‘.sax_ne méximum diffréétion 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
. N . 9 . . .
off-axis manner, may lead to the introduction of

performance-limiting optical aberrations.

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 Figﬁre 8.
In the switch of Figure 8, the-input and output arrays
and all lens components ;emain symmetricaliy on-axis
except a central field or relay lenéielement (22) or (25)

which is laterally offset by a small amount .

Referring to Figure 8, if a point (19) located on the

optic axis in the plane of the input array (l) emits an

optical signal then it may be interconnected to a point .

(20) located on the optic axis in the plane of the output

ar#ay by deflecting an optical beam through an ahg;p +A
at device (10) and through an angie -A at device (11).
Angle A is a paraméter determined by the switch designer
in order to avoid zero-order cross talk probleﬁs.- Points
(19) and. (20) are typically. located in 'the  geometric
centres of the input and output array regions
respectively. The required lateral offset, »a,' of the
central lens element, as shown in-'Figure 8, 1is then,

(equation 12):

a=Qfu+f1)xA o (12)

if the central element is ‘a negative lens as per figure
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if the central element is a positive lens as per figure 6

(equatidn 13):

“a= fuxA | - (13)

In both cases A is measured in fadians about the axis’
orthogonal to the direction of displacement of the -

central lens.

Devices such as'ﬁmltiple-quantum—well modulator3arrays,

»écousto—optic and electro-optic cells and liquid-crystal

modulators are all potentially suitable devices for

A diSp;ayiﬁg reconfigurable holograms. Hologram‘dévices

15

20

25

30

(10,11) may in actuality be a 'single hologram pixel:

array, two -individual hologram pixel arrays, or a

'multipliéity' 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-

polarisétion insensitive way. Polarisation insensitivity
is . particularly impoftant for fibre-to-fibre switches
where it is relatively difficult to " control the

polarisation states enfering the switch. A thin layer of

an FLC - material may also be conveniently integrafed-

~above a - semi—-conducting device - as a spatial 1light

modulator (SLM). In this case, circuitry on the 'silicon

chip acts as both addressable electrodes for modulating

the 1liquid-crystal, ‘and as mirrors for reflecting the.
incident light. Holographic switches constructed with-

FLC—SﬂMs (Ferroelectric 'Liqﬁid Crystal Spatial Light:

Modulators) can be réconfigdred relatively~qﬁickly,
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Referring to- Figure 9, an embodiment of a holographic

4§ptical 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 opticaI systems to accommodate components

such as reflective SLMs. - However .unless such beanm-

splitting components have careful polarisation control of

the optical signal passing through them, they introduce
3dB optical 1loss per pass. Such constraints are

unacceptable in many opticél'switching applications.

The embodiment ' discussed with reference to Figure 9
therefore demonstrates a system without the use of beam-

spliﬁtérs.

In figure 9, the input array (1) 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 -

about an interconnect region comprising two lenses

(34,37), and an additional relay or field lens (36) is
added as required. Due to tﬁe reflective nafure of thé_
hologrém devices however, the optical signal beams must
now pass twice through lenses (34, 37) in opposite
di;ections. The inward and outward passes tﬁrough 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 '2' respectively. In

" addition, 1lenses (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 1lens) = which
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projects an~image of the input array in front of lens

(34). Lens (34) then collimates the beams onto the first
SLM . (35) and feeds the signals into .the interconnect:
region; Likewise, lens (37) collimates the beams onto:

the second SLM (38) and feeds the signals to ' the

demagnification stage formed by the combination of;lénses;

(39) and (30).

Figure 10 shoﬁs a pértial block schematic diagram :0of the

switch of Figure 2. Referring to Figure 10, the spatial
light modulator (11) has an lcd screen area (211) which
has associated control and drive ‘circuitry (hot shown)

for powering the device. Memory circuitry (212)_.stor§s

"hologram data and selector circuitry (213) responds to-a
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) caicqlates a

set of hblogram data for storage in the memory circuitry,

as will latér 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.

outppt_beams_(206 - only one shown for clarity) which.are

parallel and applied to the 1liquid érystal 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 of the.

hologram to the required output element in the output

afray (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 reconfigurable display device.

In practice, processing limitations in producing CGH

-patterns,  and device  limitations in  displaying
‘reconfigurable CGH patterns, mean that practical 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.

O,ﬂ,). Because of the non-linear nature of the phase
quantisation process, direct'CQICulation of the optimum
CGH pattern required to generate a particular patterﬁ of
replay is wusually imposéible, and therefore heuristic
iteration techniques such as simulated annealing or error

diffusion have often been:employed for hologram design. -

.Iterative CGH design procedures provide a good balance

unwanted noise in the replay. However, the inherent

randomness - that is typically programmed into thesé
algorithms also means that each calculation - cycle méy
create a CGH with ﬁnique noise characteristics, i.e. the
user must intervene at some stage to seléct 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 é design procedure for CGH
patterns sets that - is suitable for holographic optibal

switches.
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-_'Vlew1ng the diffraction replay 1mage created by a CGH
‘typically involves illuminating the CGH dev1ce w1th
coherent or -partially—coherent light, and then forming
the Fraunhofer _far—field diffraction image at somee

5 subsequent plane. Referring to Figure 11, the most.
convenient arrangement for achieving = this is  to
illuminate the CGH 200 with collimated perpendlcularﬁ
light 201, and then to form the replay" 1mage 202 in the;

- focal plane of an infinite conjugate-ratio lens 203.

10 According to scalar diffraction‘theory,-the replay imeger
is related to the compiex optical transmittance: of the.:
CGH device by a scaled 2-dimensional Fourier transform.

If the CGH 'is remo&ed from the: syetem' then ithe» lens
focuses‘the light into a single ‘zero—order' epot at the

IS centre dffthe'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 plahe about this zero-order locatien{' In some..
circumetances, tﬁe replay lens may.not be present. In

20 these cases, the replay image can be thought of'as an

angular speetrum of . superimposed plane-waves.

In a holographlc optical switch, the typical requirement
for the CGH pattern is for it to produce a replay field
25 with as much optlcal 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 wﬁich contains a single peek at -the required.

30 replay peak location (equation 14):
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Target(x,y)=8(x-’-Xp.y-Yp) . (.i4)
' ‘where & is the idealised delta-function replay
peak-prdfile, and (Xp,Yp) is the main replay spot location

relative to the zero-order position.

In'additibn, the locations and intensities of all noise

peaks within the CGH replay field must also be well

guantified in order that the switch can be .designed in

' such a way that this noise does not reach any of the

20

25

" switch output ports - this noise could give rise to cross

talk within the - switch. -~ This design problem for

holographic switches can be tackied by examining the
replay fields for all the CGH pétterns that will be
requifed to operate the switch in all configﬁrétioﬁs.
Thé switch inputs and outputs must then be placed in
appropriate positidns to avoid cross talk problems.
Hoﬁévéf since the set of required holograms is éctuélly
determined by the positions of the inputs and outputs in
the first place, this cross talk minimisation problem is
an ‘iterative process by neéessity. The cbmplexity of
traditional CGH design procedures combined with the
complexity of the switch design procedure means that it
has not been possiblé 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: 1) it is difficult to control the noise

 distributions in the'replay fields that are generated; 2)

30

the CGH design .algorithms are numerically intensive to

calculate; 3) the target output spot position defined by
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equafion (1) has limited resolution. The last poinf
ariseé because the target field for the CGH algorithﬁ is
typically sampled. at the same resolution as (or an
integer fraction of) the actual CGH display device: Thus.
5 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 ..
apbroaches to CGH désign, 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'génerétion and quantisation -
of a mathematical phase mésk. The method allows:better
15 resolution for the positioning of the target spot in the
replay field, and allows CGHs to be determined rapidly,
thereby éllbwing much greater.iteration in the 'design and
placement of the switch input and output ports. = In
addition, the noise fields generated by CGH patterns .-
20 designed using this method can be accurately qﬁantified_

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
25 directly calculated from the _co-ofdiﬁates of the main
‘replay spot for_thé desired hologram, and is cOnstrﬁcted
using a rapid phase-quantisation procedure. .Iﬁ order to
form the final CGH, the base-cell pattern is tiled or
replicated in the (x,y) plane of the hologram display
30 deviceée until the entire aéerture of thé_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 holbgram display device.

>
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_Instead, the base-cell is typically 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.

Furthermore, "the design of the base-cell pattern is
optimised to maximise 'the power in a single peak
(henceforth called the 'principal_~mode7) of the CGH

replay field. The precise location of this peak relative

‘to the zero-order location is used to uniquely define the

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

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

"structure of the replay field are advantageous in the

'design of holographic switches.

The hologram base cell pattérn. is calculated from the

normalised angular deviation that the CGH is required to

.impart upon a collimated paraxial beam of light incident

upoh the ‘hdlogram' pattern. Thus if 06, & Gx-aré 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 two dimensionless parameters (ﬁp,gp

: that describe the principal replay mode coordlnate for

the desired holqgram can be defined by:

oA A
0, ~— 0, ~ — L -
s y =5 M xS p e - as)
where A is the wavelength of light incident upon
the CGH,
10 P is. the plxel pltch of the CGH dlsplay
device (along x & y ax1al directions).
Alternatively (np,fp) may be defined in terms of . the
physical coordinate of the principal replay spot relative
to the zero-order location (equation 16):
15 _ : fA - fA :
. = Y, = ~— o . (16)
-Xg P, Mp | P _}3 Cp -
where (X;,Ybf is the  target principal mode
locatlon for the hologram, and '
’ 20 - f is the focal ‘length of the lens used to

form the far-field diffraction image.

In ordetr to calculate the. base-cell pattern that will
route light to according to eqguations (15) and (16), .the .
25 ~normalised target coordinate (Mp,&p) £for the principal-

mode should be written as rational numbers (equation 17):
_N, -=N/ o an
TlP h /Dx CP DJ’ ] . . .

30 : where Ny, N,, Dy and D, are integers.

SUBSﬂTUTESHEET(RULEZﬂ

OMTANCIN: AN MAINRQABATD | «

TS0000444



WO 01/25848

10

15

20

25

30

40

However according to normal CGH diffraction theory, there

is an upper limit on the maximum useful diffraction angle

- that may be generated by a pixellated hologram pattern.

In terms of the normalised target coordinates (np,&p), the

‘principal replay mode can only be located within a square

region bounded by the,corhers (-0.5,-0.5) to (+0.5,+0.5)
inclusively, where (0,0) represents the zero—~order
location. The 4 integers that describe the hologram

base-cell must therefore satisfy equation 18:

_';'DXSNXS%DX "“%stNys%Dy . ISD‘,SR: ISD},SR, (18)

" where (Rx,Ry) is the resoclution (in number of pixels) of

the hologram display device.

For cases where the normalised target coordinate of the
principal mode cannot précisely' be written as rational
fractions, then coordinate (np,Lp) should be rounded until

it does satisfy equations (17) and (18). However it can

"~ immediately be seen that the technique described here is

advantageous compéred tbl prior art methods of hologram
generation. For .example, if Ry=R,~=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 10,000 target. locations. When
R,=R,=100 then the advantage is even more convincing -

10,000 locations vs. 2,316,484.

Dx and D, specify'the size (number of pixels) of the base-

cell pattern required to define the hologram. In general, -

the smaller the values of D, and Dy, the more robust the

hologram will be agaiﬁst any 1image errors within the
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hologram device, and the cleaner the replay_ﬂfiéid7

generated, i.e. fewer noise peaks will be-present in the

replay. The rational fractions of equation (40) must be

simplified to their lowest denominator forms, .or the. -

procedure for generating the ~base-cell patterxrn will
produce incorrect results, i.e. Dy must not be an :integer
multiple of N, and D, must not be an integer multiple of

Nyn

The ﬁnique base-cell pattern for routing ligﬁt_ to
coordinéte (NprEp) is now calculatéd in 2 steps. Firstly,
(Equation 19f va spatially ‘sampled - phase-screen bé ;is'
defined in terms of the above‘ratiOnal fractions. 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 gréphically in figure 12.

Y N N, : 19)
ki)=kZ+1=2L (

9 /) “D: D,

Where k = 0,1,2 .. (Dy — 1), and 1 = 0,1,2 .. (Dy -

1).

In the second step, the phase-screen is phase-quantised

to thé same number of discrete, uniformly distributed
phase-levels, w,'that are supported by the device that

the hologram will be displayed on:
' ' (20)

0, (1) = explamx intfo (k1) <} v)

wheréwg(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 ( 1)"
& exp(.) is the exponential operator,’
L] & int(.. } is a quantisation functlon that rounds

its argument to the nearest integer towards minus

infinity.

Table 2 below. gives some design examples of base-cell
10 hologram images for binary-phase devices. Here the base-
cell patterhs_ 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 .
- Imag{e,} ‘ } - a@n
ar k, 1)t = arctan 4 : .
g{(p.l’( ‘ )} { Rea[{ ;} o . - _
. . CGH Base-Cell Design, arg{ps(k.D)}
1,=0.5, £,=0.5 n=0375,L,=—-025  iLe.(3/8,1/4)
0 n 0 0 n 0 n n
. , r O I 0 n 0. 0 n -0
Binary-phase (y=2) 0 = n 0 n n 0 T 0 0
) 0 ] 0 n = 0 L3
20

To form the final hologram iﬁage on the display device,
the base~cell pattern must be tiled to fill the entire
avaiiable hologram aperture. - This replication will
25 typically occur a non-integér number of times, and
generally a different number of times in the x and 'yi

directions, figure 13.°
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Fourier 'theory predicts that a non-integer number of
replitations of the base-dell will typically cause a
phenbmenon' known as','épectral leakage, ' whereby a
distortion of the spectral domain (i.e. the replay fiéld)

occurs dniess a 'windowing' function is employed. . The

,holograms ‘generated are thus 1not 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

final hologram image correspond.

One example of a suitable apodisaéion function ;is " the
TEMpo Gaussian mode profile.‘.This is a good approximation
to the fundamental .optical profiler emitted by - most
laseré, waveguides and cleaved fibrés." A éircularly
symmetric TEMpg Gaussian inﬁensity profile is usually

defined in terms of a beam radius, w, as in equation 22:

: ' 22+ y2 2
E;(x,y) = |exp: B I (22)

If this Gaussian field is incident upon a hologram device .
having a total optical aperture of A, then a - useful -

measufe of the effect of the windowing function;can be

gauged from the parametér Y. where (equation 23):

¥ : -
T=- . (23)

Ehpirically, it is found that values of y~3 and above
provide adequate Gaussian apodisation. This Gaussian
apodisation meets the Qindowing function requifement that
the dptiéal_field.intensity must tend towards zero:at the

edges of thé'ﬂhologram device éperture. Other optical
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profiles may also be empldyed,proﬁided'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 same as the location
of the brincipai mode that was used to design the base-
cell pattern, subject. tO'Iany 'limitations .of scalar
diffraction theory. In the case of Gaussian apodisation,
it is- empirically found that approximately 2 complete
replications of'the base—cell patte:n should be present
in the final hologram image in order to produce a

reliable'replay image. However provided this constraint

is observed, then the replay spots have profilee

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.

Holograms designed according to the steps outlined above

typically exhibit a regularly spaced array of n01se peaks
in their. replay images. In terms of normalised

coordinates, if the principal mode is located Tat  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 indibated'fracﬁional 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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Binéry-—phase hc_:logramé are particularly important_: because
they may be'displayed on reconfigurable hologram>diSplay
devices such as ferroelectric 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 analytidally from the target peak
position coordinates (Ypr Ep) using Fourier theory. If D is
calculated 'as the lowest common mdltiple of Dy and Dy
g1ven in equatlon (17);'then the positions and rélative

1nten51t1es of the replay modes are given by equation 24:

1f D is an even 1nteger. : 2

2 v . )

Mod. ) E +n—-(2m)M,,9+C - (2m1)C
oe:(nq) nv(n,C)me_; Aq& Py x8{p+n ! Nprd+6 ,(-_ j)cp)

If D is an odd 1nteger- " 2 | o S

05 U x8(p+n~ (i, g+ &~ (2m)G)

2m+1
m=1 p:—wq—-co DSln 2D T ]
24

The funétion Env(n,f) is an intensity envelope function
calculated as the optical diffraction image of a singlé
CGH pixel aperture. For square-or recténgular pixels,
this function is given by equation 25: ’

Env(n,§)= (T_.;T y sinc(‘tt'r_,,"n)sinc(-nt},g))2 ' (25)

where 1 is -a pixel "fill-factor"™ term defined as the

fatiq 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 inclqde the mode-shaping

or Broadening effects caused by apodisation of the CGH

illumination. Analysis of these effects generally
requirés a full diffraction calculation of the composite
hologram image. However, the re;étively simple modal
representation of the hologram replay distribution

derived from the base-cell pattefn (and equivalent

.exXpressions 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.

In a first application, a reconfigurable CGH  pattezrn ‘

désigned 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 -ports 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 1is achievable wusing alternative hologram design
techniques. Using this technique, the principal mode can
typically be located around the {(x,y) plane of the replay
image with sub-micron accuracy. This high resolution 1is
particularly important for alignment critical systems
such as applications whére 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 repiay 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 alignmeﬁt errors or defects

in the locations of the'array elements.

In a third application;' the principal Areplay' mode (or

other replayrmode) is scanned about (x,y) in. order to

determine the numerical aperture, linear aperture, or

acceptance mode-distribution of an output receiver or

detector.

In a fourth application, simulated annealing or othexr CGH

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

_ hqlogram _imége without altering the replay intensity

distribution. . In this case, the base-cell pattern is
placed at different locationé within the CGH -aperture
before it is tiled to fill the available . display

aperture. ‘Each CGH thus generated is a shifted and
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apertured version of the other CGHs, but the replay
intensity image remains unaltered to all intensive
purposés no matter which hoiogram is displayed. A
further set of hologram patterns can also be calculated
such that when they are displayed in sequence, all pixeis
of the -hologram device spend an equal (or otherwise

specified) amount of tiﬁe_in each hologram phase state.

'The sequence may then be repeated for as lQng 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
to maintain 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
potentiél applied 4to them so that they remain in a
preaetermined bias stéte for long periods of time.-It is
also known tb those skilled in the art that holograms are
trahslatidﬁ?invériant. An édvantageous technique is thus

to scroll the hologram pattern (in either 1- or 2-

"dimensions as appropriate) across the display device by

one or more pixels at a time and at regular intervals.
Circuitry is accbrdingly provided for this purpose. Such
operation has no effect on the functionality, by contrast
to what would happen in a display appiication, where the
viewef would see movement takiﬁg-place. The sequence of
frames typically repeats when ‘the shifted base-cell
pattern ﬁsed to generate each frame exactly coincides
with a tiled version of the baée—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) hblogram.- In
this figure, the base-cell pattern‘shifts'rightwards by 1

© pixel between each frame and the next. Note that each

10

"inserted into the sequence of figure 14(é) in order to’

reduce the number of pixels that change at a time. In

20

25

30

column of the sequence in this example 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 particularly
important in applications ~where there 1is continuous

optical data stream passing through the system.: For

these applications it may be necessary 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

this example, only 1 pixel changes at a time in order to
evolve frame #1 of'figuré 14(a) into frame #2. Using the
sequence of figure 14(b), there may be some distortion of
the replay image due to the imperfect . intermediate

holograms that are introduced. However, such distortion

may be minimised by careful choice of the frame sequence.

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 have: been
adjusted by a-phase-off$et of (2r. u)/vy. ,where-tujis an
integer in the range 1...y. Because the offset is

applied to all pixels, it doesn't alter the replay :image.
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In a sixth ‘applicatién, such holograms are used to

10

50

Héweverﬁ it does alter theArepresentation of the base- -

cell. Figure 14(c) shows an example for a binary-phase

(0.2,0) hologram that comblnes ‘the 'phase-offset method

V w1th frame shlftlng

construct an optical switch. Optical switches are

emerging as an important enabling technology for optical .

networks. Holographic optical switches that use

reconfigurable CGHs to route beams of light in' free-space.

between arrays of optical inputs and errays of optical

outputs have several -important performance advantages

‘compared to competlng technologles such as scalability

15

and high signal to noise margins. A 1xM holographic

switch is described in  "Polarisation ‘insensitive

operation of ferroelectric liquid crystal devices", S.T.

Warr and R.J. Mears, Electronics Letters  31:9(1995)

" p.714-715 and an MxM switch has also been described.

20

Up until the preeent timé;, .the complexity of hologram
design algorlthms, 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

25

30

with large numbers of_iﬁpdts and outputs. . However, the
currently described technique' is capable of providing
much better prospects  for designing _ these large

holographic switches.

"According to "Polarisation insensitive operation of

ferroelectrlc llquld crystal devlces S.T. Warr and R.J.

Mears, . Electronics Letters 31: 9(1995) p-714-715, a 1xM

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 ére diéplayed in ‘order to.- -

‘route the input signal' to one or more of the: output

ports. The 1xM 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 genérated by any hologrém in this-set-ﬁever
gives riée to a significéﬁtAoutput;signal.‘ The challenge
then 1is to design' a set of "orthogonal” .hblograms
suitable for- providingv the switching function without

introducing crosstalk.

Thus,;the désign of a“set Of’holograms to implemént a 1xM
switch is reduced to the problem~of,determiningva“set‘of

M fractions defined by equation (17) which represent both

‘the CGH patterns required to operate-the switch, as well
as the proper locations 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:

‘e there may be some 1limit to the minimum allowable

physical distance between any pair of output ports

related to the physical dimensions (or other .property)

of these ports,

e there may be some finite number of CGH pixels ‘available

which places a limit on fhe set of fractions that can be
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considered during  the designA procedure according ‘to

equation (19),

e there may be some maximum allowable variation of optical
insertion loss through the switch as it is. configured
between the‘various outpuﬁs. Because the optical power
diffracted into the principal._replay' mode generally
deqlines withlv increésed angular deflection, this
constraint'may>detérmine the largest fraction that can

be considered in the design, -

e there may be some time-limit allocated to complete the

design, and therefore 1less useful vfractioné such as

those with large denominators (which exhibit a greater '

number of noise modes) may be automatically excluded

from the design process,

~

e there may be additional constraints introduced by the

CGH display device, such as the automatic productibn of .

.a large‘zero—order spot, which méy influence the final

choice of fractions,

* there may be 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 ‘qutppts. ' In order to minimise

crosstalk, the design procedure must therefore be

iterative. Thus the search for a suitable set of

fractions for the 1xM switch given the above constraints
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can be solved using a goal-searcﬁ_proéeduré 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

location and,intensity of the noise modes such as givehA

by equation (24) for binary-phase deﬁices, can greatly
reduce the calculatiqn time requiréd to deéign' the

hologram set.

A similar"appfoach can also be employed to design MxM.
.switches. An MxM switch comprises an array of optical

iﬁput signals; an array of reconfigurable CGHs displayed

on a first hologram device; a free-space interconnect

region; an array of reconfigurable CGHs displayed on a.

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 :intercoﬁnéct region where they are ;allowed to

spatially reorder. The seéond array of CGHs then.

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 dppdsite angle at the

second CGH device.

For design of an MxM switch, the input port locations may

be represented in normalised coordinates by (mi&;)  and .
the output ‘port locations by (NMo,&o) - The holograms .
‘required to foute an input to an output according. to the

 in§ention are thefeforé (Mo-Mi:.& ..0—-+&1) and (MiMo.;&i~,&o).

displayed in the cor:gét array positions uponathe first

and second hologram devices respectively. In ‘addition,
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the firéf hologram generates a set of noise modes which
propagate in different ‘directions  and arrive at the
second devicé in various spatial loéatioﬁs._~The second
hologram also has a  set of noisé modes which allow
different optical propagation directions. to reach the

output port. Thus for each of the M? different connection

‘paths between an input pbrt 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 output ports.

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

the input and output ports to be arranged on a regular

‘grid, e.g. nN=No='/13, %/i1a, 3/13 etc. Unfortunately, the
‘noise modes generated by the holograms required to

interconnect ports arranged in a»régﬁlar 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

: fractionai 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 ékhibits very high sigﬁal~to-

noise margihs by using a denominator of 60 (=3x4x5) is

given in‘tabie_B,

An alternative technique employs -a Fourier Series

'picture’ of a beam-steering switch.
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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.
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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, pe:iodic, “phase-
modulation, Ph{(x,y, A), of period A, multiplied by a.

tdp—hat' function, Top(x,Y), ' representing the :finite

‘extent of the SLM. Hence the electric field just after

phase modulation is given by equation 26 as
Fib(x,y) e Ph(x,y, A) e Top (x,y)= ‘
(Fib(x,y) Top(x y)) ® Ph(x,y, A) (26)

where the . represents multiplication.

‘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 (Pﬁ(X,Y, A)) (27) .

~ where the * symbol represents convolution.

Now, because the phase modulation Ph(x,y, A) is periodic
and of infinite extent, the FT is an infinite set of .
delta functions of separation in ksin® space of 2n/A,
centred on the origin given by equatidn 28:
JA iA
FT(Ph(x ¥, A)= Z z pu siné y ~42 smﬂy—— (28)
i jemeo AX Ay
where A is the optical wavelength, Ox is the beam-steering

angle from the x-axis, measured in the x-z plane, Oy 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: Ax and Ay are the x and y compohents of the

period vector A.

Input Port Output Port
Locations Locations |
M1 , &4) (Mo ,» &o)
(=*/e0 » =*/12) (+"/60 » —/12)
(=*/306 » ="/12) (+}/3o ’ 'v—1/1z)
("1/20'( =*/12) (+*/20 '+ —"/12)
(="/60 » —/15) (+'/60 + —/15)
(= /30 » ~"/15) (+*/30 » ="/15)
(=720 » ="/1s) (+*/20 %1/15)
(=*/60 » ="/20) (f"l/so p -1/2,0)
(=*/30 + ="/20) (+»I/3o . —'/20)
(=720 » ~%/20) (+1/éo . =720
(—7e0 + 7300 | (+7e0 » —730)
(=*/30 » ="/30) (+/30 .‘ ~*/30)
(=*/20 » ="/30) (+*/20 » ="/30)
(—*/s0 » ~"/s60) (+* /60 » —/60)
(—=*/30 + ~—/s0) (+'/30 + =*/60) .
(=720 » —/60) (+'/20 + —"/s60)
(-'/60 , O) (+/e0 » 0)
(;1/30 ,» 0) (+*/30 , 0)-
(=*/20 , 0) (+*/20 , 0)
(=*/60 » +'/e0) (+*/60 » +"/s0) .
(=*/30 , +'/e0) (+/30 » +"/¢o)
(=*/20 » +'/60) (+/20 » *+"/60)
(="/60 » +/30) (+*/60 +» +/30)
(=*/30 » +/30) (+1/30 + +*/30)
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(=*/20 » +/30) (+'/20. , +"/30)
(="/e0o » *+*/20) . (+'/60 » +'/20)
(=*/30 , +/20) (+1/3u-i>+1/2ol
(;1/20 , +7/20) (+*/20 » +/20)
(=*/60 + +'/15) (+1760 , +/15)
< (=730 , */15) C (+% /30 , +'/1s)
(=726 +1/15) (+*/20 +» +'/15)
(=*/60 » *+7/12) (+*/60 » +'/12)
(—1/39 , +/12) (+*/30 , +7/12)

. Table 3 - Input and output port locations for a 32x32

switch.

Due to the péfiodicity of the phase modulation we can use .

Fourier series to calculate the amplitude, pj; , of éachw

of these delta functions: the answer is exact, assuming

diffraction in the Fraunhofer limit. For large.. beam- -
steering 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 properties of -

a Hertzian dipole) is the only fundamental reason for a .

maximum 'beam—steering efficiency that decreases with

. beam—-steering angle.

Let the.optical system be such that a beam-steering angle .
0 is converted to a transverse position, L tanb.

Assuming sinf=tan® we then have a set of .delta functions :

at output positions (u,v) given bygequatioh 29:

FT(Ph(x,y,A)= i iPU‘{"- v vr —’:—A) (23)
4

]
lavew  jo—w Ax
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the output 'spot'. Hence what we get is g(u,v) (the
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The net output is the above, convolved with the

FT (Fib (x,y) e Top(x,y) ): call this g(u,v), or in words,

output spot) repllcated all over the output plane with anp

amplitude (and phase) depending on the value of ¢the

Fourier coefficients of the periodic phase modulation -

‘according to equation 30:

. oulput—z Zpyg( l,v,—-{j-\L—l-) (30)

lo—w Jo-o X Y

A transverse translation of the phase modulation Ph(x,y,
A) changes the phase of the Fourier coefficients piy , 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 bpe

'con51dered independent, and hence the coupllng efflclency

into the output fibre or waveguide-  is not affected. by

transverse translation of the phase modulation.

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

25

30

nemrAnanan b

these replications of g(u,v)  (one of the output spots),

and to minimise (or keep’below a set threshold) the Power -

coupled from any other (unwanted) replication of g(u,v)

. into any other output fibre or waveguide.

A method has been previously presented (M J Holmes et al

"Low crosstalk devices for wavelength routed networksn
IEE Colloquium, ‘June gt", 1995) so that the unwanted

output spots will never couple perfectly (i.e. in perfect

-alignment) intodanyiother waveguide or output fibre. The
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méthod in the paper was for a_‘lzN beam—steer.ing”; switch
with output into a non-—regulér 2-D array of output fibres
or waveguides. We discuss here: -
(i) a special case of the earlier method allowing beam- !

steering into a 'fegular 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 teﬁd to be very
weak-ly' geherated, particularly when the period of the
phase modulation is an even number of pixéls. This

increas’.es' the numbe‘r of allowable p_efiods.

,SUBSTWUTESHEET(RULE26)

N19RA4AAAD | ~

TS0000464



QRS AASIN: AMN

WO 01/25848 PCT/GB00/03810
60
Claims: )
. An optical'switéh comprising an input optical fibfe(

15

20

25

30

array and a receiver array, and an optical system
connecting the input optical fibre array to the receiver
array wherein the opfical system comprises a first bulk
lens for receiving light from  the input opticai fibre
afray, a first fer:oelectric liquid crystal spatial light
modulator, a second ferroelectric liquid crystal-sPatial

light modulator, each spatial 1light modulator being

‘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 outputvlight

to the output afray.

2. The optical switch of claim 1 further comprising a

pair of lenses disposed respectively between said first

"bulk lens and the first spatial 1light modulator, and

between the second spatial light modulator and the second

Bulk.lens.

3. The optical .switch of claim further comprising a-

pair of lenses disposed ibetween said spatial 1light

modulators to define there between said interconnect

region.

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 1light beams from said input 'optical fibre

array, said pair of lenses comprises a second lens and a
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third 1lens, said second ‘lens for receiving said

collimated 1light beams and providing a correspondiﬁg

-plurélityrof mutually parallel beams and said: third lens

being disbosed for receiving said mutually parallel beams

and collimating 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 1- 4 wherein the
first bulk 1lens is disposed to provide a plurality of .
collimated light beams from said input optical fibre
array, said pair of lenses comprises a second léns and a

fourth lens, the said second 1lens for receiving“said

"collimated 1light beams and prbviding 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

mutually divergent -output beams, and -  the fourth 1lens

fbeing disposed for receiving 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.

7. - The -optical switch of any of claims 1l-4wherein 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
fourth lens, the said second lens fqr receiﬁing said
collimated light beams and providing a corresponding
plurality of. mutually convergent beams, the _opfical

system further comprising a third lens having a positive

'power, receiving said convergent beams and providing

Aﬂmutﬁally divergent output beams as. a- unity - conjugate
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‘lens, and the fourth lens being disposed for receiving

wherein said second bulk lens is a fifth lens being

disposed for focussing said beams onto said receiver

array.

8. The optical switch of any pr'e.ceding 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 \fhe
optical' system has an optica;’ axis and the input and.

receiver - arrays, the first, second,. fourth and fifth

lenses are disposed on the system optical axis and the

third lens is laterally offset there from.

10. The optical'switch of claim 1, 2 or 3 wherein the

spatial light modulators are reflective.

»

11. -The optical switch of claim 10 wherein the optical

system has a zigzag axis, and each of said pair of lenses
is disposed with respect to an associated spatial 1light
modulator such that 1light travelling along said axis

passes twice-through‘each of said lenses.

12. The. optical ‘switch of claim 10 or 11 wherein each of

said first and second bulk lenses has an associated

further lens disposed to form an optical magn_ification_‘

[

stage.
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13. The optical switch of any of claims 10 - 12 wherein

a relay lens is disposed in the interconnect region.

14. The optical system of any of claims 10 -12 wherein a

5 field lens is disposed in the interconnect region.

15. The opfical switch of claim 13 wherein said relay

lens is disposed off-axis.

10 16. The optical switch of claim 14 wherein said field

lens is dispbsed off-axis.

17. The optical switch of any»precéding_claim wherein

said input optical fibre array and said recéiver array

15 have respective input and output ports each comprising a

respective 32X32 ;rray .0of ports,

and

said ports are

‘disposed at normalised coordinate locations defined by:

Input Port Output Port

Locations ~Locations

h My , &9 Mo » &)
(~7e0 » ~/12) (+7s0 1 ~712)
(=*/30 » —/12) (+/30 +» ='/12)
(=*/20 + ="/12) (+/20 + ~T/12)
(=*/60 + = /15) (+' /60 + = /1s)
(=*/30 » ="/15) (+'/30 » ='/15)
(=*/20 + =*/1s) (+1/20 » —'/15)
(=*/60 + —/20) (+*/60 + —"/20) A
(=730 » —'/20) (+*/30 » ='/20)

. ('-'IA/zor r —/20) (+720 » ="/20)
(=*/s0 + ='/30) (+/60 + —/30)
(=*/30" s =*/30) (+'/30 -_I/go)
(/20 » ='/30) (+7/20 , ="/30)
(=*/60 + ='/60) (+'/60 + = /s0)
(<30 » ~1/e0) (+*/3 , _"1:./60)
(=720 + =/60) 720 + ~eo)
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(=*/60 + 0) (+' /60 4+ 0)

=30 4 0) (+*/30 » 0)

(=*/20 » 0) _ (+'720 + 0)
(oo + +7s0) (+1/60 + +*/60)
(=*/30.+ +'/60) (+1/30 + +*/60)
C (=Y s ¥ e0) (#1/20 + +'/6n)
(=760 + +'/30) (+1/60 + +'/30)
(=*730 + +'/30) (+¥/30 + +1/30)
("1/50 + +/30) A+ /20 + *+'/30)
(=*/e0 1+ +'/20) - (+1/60 + +'/20)
(~=*/30 + +'/20) i (+1/30 » +'/20)
(=720 + +'/20) (+1/20 + +/20)
(=760 + +'/13) E (+'/60 » +2/15)
(=%/30 , *+'/15) “{+%/30 4+ +'/15)
("1/29 ¢ +/15) (+*720 4+ /1s)
(=60 ¢+ t+.:/12) " (+/sa ¢+ +'/12)
(=*/30 + +1/12) : C(+1 /30 +1/12)

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 receiver»

array whérein the optical system compfises a first binary
reconfigurable spatiai light modulator, a second binary
reconfigurable spatial iight ﬁodulator, 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 intercdnnect region, wherein.

each spatial iight 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:
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- determining principal replay coordinates of a. said

hologram_according to a‘desired‘switching function;
using said coordinates: v , - '
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 mdédulator 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
ferroéledtric liquid crystal spatial light modulator, ‘a
second j ferroelectric 'liquid crystal épatial light
modulator, each spatial 1light modulator being adapted for
providing a respective selectable set of holograms - each
for a desired switching operation,‘and a paif'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:
detérmining.principal replay coordinates of a said_
ﬁologram 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;
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vand‘

'replicating said base cell pattern data until the entire

aperture of the spatial light medﬁlator is filled.

20. The optical switch of claim 18 or 19 wherein said

step of determining principal replay coordinates of a

desired hologram comprises

detexrmining the normalised ‘angular 'deviétion upon e
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 of claims 18 - 20‘wherein
said step of calcﬁleting compriees: '

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 1lowest inteéer values, and - using said
denominators as the number of pixels for said base cell

pattern. ' ) i Lo

22. A method of. lproducing a - phase-only computer
genereted hologram for a- pixellated hologram device,
having a respective (x,v) plane and .a »predetermined
number of uniformly distributed»pheseflevels, the method

comprising:

determining principal replay coordinates of a desired

hologram; ‘ o
using 'said coordinates:
calculating the size in pixels of a base cell; and
evaluaﬁing' a base cell pattern by a .phaee
quantisatién procedure; | -

and
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replicating said base cell in the plane of the said
hologram dev1ce until the entlre aperture 'of the device

is fllled

23.. The method f of ;clalm 22 whereiﬁ’ said. step- of

determlnlng pr1nc1pal ,replay coordlnates ef. a sdesired v

hologram comprises

determining the normalised angular deviation wupon a

collimated paraxial beam required of a desired hologram;

deriving from said deviation the principal replay mode

- coordinates for said desired hologram;

24. | The method of claim 22 or 23 wherein said step of

evaluatlng comprlseS'

' converting sald coordinates to rational numbers .each

comprising a numerator' and a denominator, wherein said.

rational numbers are srmpllfled so that said denominators
have their lowest integer values, and‘ u31ng_'sa1d
denominators as the number of pixels for said base cell

pattern. o ..

25. 'The method of any of claims 21-24 and further
comprising constralnlng sald numerator and denomlnator by

a predetermined mathematical relatlonshlp

26. The method of claim 25 wherein said mathematical

reiationship'is specified by

—';"stNx S';‘Dx —';'DJSNyS';'Dy ISD‘,SRX ISDySRy

~where N,, N, are 'said numerators and Dx, Dy are said

denominators.
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27. The method of ény of claims 22-26 wherein' said

' evaluating step comprises defining a spatially sampled

‘phase screen using said rational fractions such that

N. N,
+—-
D. Dy

Hr1)=k

wherein ¢ is the phase screen, k =0,1,2 ..(Dy-1) and 1=

0,1,2 ..(Dy-1)

28. The method of claim 27 wherein said evaluating step

further comprises:
phase—quéntising said phase screen to said predetermined

number of uniformly distributed phase levels using

0. k1) = explnix nll D wlfv)

where T @k, 1) " is  the final .sampled and quantised
representation of the base—éell pattern for the target
hologram device, ' ’

3 ‘is the compléx operatér”(—;)“,eXp(m)is the

éxponential operator, and int{..} - is a quantisation

function that rounds its argument to the nearest integer

towards minus infinity.

29. The switch of any of claims 18-20 having-circﬁitry

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 éomprising scrolling the hologram pattern (in

either 1- or 2-dimensions as appropriate) across the
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display device by one.of—more pikels at a time and at

- regular intervals.
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example, by fiber optic cable (30). Multiple wavelength bands of light are, typically, emitted and transmitted in a direction parallel

to an axis. The apparatus also includes a plurality of receptors (36-1, ...,

36-n) which are positioned at defined locations spaced from

one another. A diffracting member (10) is employed to diffract the wavelength bands of light transmitted parallel to the axis. In
one embodiment of the invention, the diffracting member is a controllable diffraction grating. The wavelength bands are selectively
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"Statement'Regarding Federally Sponsored Research or Development

This invehtion waé made with Government support under
ContraCt'No: N66001;974Cf8620 aWarded'by the Defense Advanced
Reséafch Pfojécts Agencyr and under-Contfact No. DE¥ACO4—
94A1,85000 éwarded by the U.S. Department of Energy. . Thé

Government has certain rights in the invention.

Technical Field

The.present iﬁventidn relates broadly to the processing of
'light; More specifically{ however, it deals with directing a
multiplicity of individual streams 6f.li§ht, each having a
différeng’wavelength band, to oné.or more distinct outputs or
,receptors.- It enables_fhe direction of each of the wavelength
bands to be changed in” order to direct the bands to different
outputvlocations, as dgsired. An apparatus and method.in
accordénce with-the‘inVention.are particularly useful for
controlling transmission of l;ght with reéard to optical:
Aéommﬁnicétion systeﬁs and, more particularly, for beiﬁg'uSed»in a

programmable wavelength selective switch.

ANSNNANIN: AN (M1A14R1481 | S
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- Background of the-Invention

In general, optical communication systems‘involve the -
enﬁoding.of information on beams Qf light and the transmission of
this light througﬁ thin transparent bptical fibers:and other
optical components. Fiber optic communications provides
advantages over conﬁentional electrical communications over
copper commﬁnicatidns-wire. Féf instance, optical fibersvare not
éensitive tp électrical néise becausé light signals rathér thén
electrical signals are transmitted'through the optical fibef. In
addition, because the frequené? of the light used in opticalv
communications is much greater than*the‘frequency of électribal
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.
7 . .

Although the cdmmunicéﬁibn'rété for fiber optic systems
already is high, the demand fo;-efer higher rates is continually
increasing,. as is the demand for an ability to éelectively direct
and switch-light.signals.A Wavélength Division Multiplexing (WDM) -
has beeﬁ devéloped in an atte@pt to support sﬁch inqreasea
demand. With.WDML sevefal_wavelength bands of light, following
commorl pathS’ﬁhrough obtical fiberS‘and other components, may be

utilized at the same time with each band carrying différent

"information. For instance, a light beam‘méy comprise four light

R

TS0000491



WO 02/101451 . o o - ~PCT/US02/18255

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 optiéal fiber, withieach stream carrying
different information. Thus, a single opti@allfiber 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.

_Beéause each light stream can be modulated to carry

information at a very high rate, for eXamplé, at 10 Gbits/second, -

a WDM transmission having four light streams of four~distin¢t

1wave1ength'bands,‘transmitted gsimultaneously, would yield data

rates of approximétely four times gfeater, or about 40
Gbits/second, through a single optical fiber.

' In optical communication systems and elsewhére, it is
desirable to separate, redirect, and- combine separate light

peams. As is well known to those skilled in the art of optics,

it is possible to éeparate,'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 .

3-.
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_indiviaual light streams bf’different wavelength bands which
comprise the light‘beam. In»ofder to fntther separate the
individual light streams of different wavelength bands within the
light beam, well—known optical devices sueh as wavelength-
selective filters, prisms, and conventional diffraction gratings
can be used;_,A limitation of these devices is that;different
wavelengths of light are processea in a fixed manner and in a way
that cannot be flexibly or selectively controlled. For exaﬁple,.
it is well-known that a conventlonal dlffractlon gratlng |
dlffraCtS llght in a deflned and fixed angular relationship, w1th
shorter wavelengths being dlrected at a smaller ‘angle relative to
the input beam, and longer wavelengths directed at larger angles

ThlS angular relatlonshlp is fixed and thereby 1lm1tS its
usefulness in directing light.streams with dlfferent wavelength
bands. That is, a diffraction/gratlng cannot be'varled or
switched to rearrange this angular relationship between two light

.streams with different ranges of wavelength:"ltcannet be
switched to reverse 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 controllahle or
programmable diffraction grating devices. A controllable -

.diffraction grating may employ an electrostatic system for use in

—-4-
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hoviﬁg a diffraction gratiﬁg-elemenﬁ. _Typically{ such-devices
include an array of gratihg,elements that are able to be
individually displaced in at leaet one:direction»£o-collectively
contrbi the diffraction‘of a'séream of light relative to the

gfating device. Generally, a g;ating element. is ceﬁstructedﬁsuch
tﬁat;atvleast a portion of the element is hade of a resilient
material. A reflective coating is applied to one side of the
element to diffract the light streamf

The element also includee a eonductive or magnetic material
to thereby allow an electronic or magnetic force'toebe applied
in order to flex'the element. . When the individual;elements are
flexedeihbcertain manners,lthe'diffraction ef the light stream
with respect to the array of elements is changed. The change in
angle of diffraction thereby alters the direction in which thel
"iight»streem’is directed. | ’ |

U.S. Patent No. 5,905,571 to Bﬁtler et alu diseloses an;
Optlcal apparatus for formlng correlatlon spectrometers and
optlcal processors. It teaches a dlffractlve optical element
formed on e 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 different correlations with the

incident light beem. This diffractive optical element is used

-5
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for correlation spectrosdopy. A singie input light beamlis
diffractedvin a specified single output direction in orderjto
perform an opticél correlation function.  In this teaching,.a
single specific angular direction 6 is selected for the
diffractive light with reépect to the incident light; and’' the
apparatus used to alter the intensities of different_waveléngths
that are diffracﬁed at'that-anglé 0. This patent is hereby
incorporated by reference.

U.S. Patent No. 5,677,783 to Bloom et al. describes a
deformable grating apparafus for moduiating‘a light beam. jt
-teacheé quulating the intensity of'an input ray of light of a
determinable wavelength diffracted inté a viewing cone, for use
as an optical display.

None of»ﬁhese'devices has been utilized to separate aﬁd
seleétively direct multiple input waveléngﬁh ranges from.a single
input beam.to multipleAoutpﬁtriocétibné; None of'these_deVices_
has been utilized to separate and selectively direct multiéie
iﬁput wavelength ranges from multiple input beams to a sihgle
output location, nor tb multiple ou;put locations. |

There exist, therefore, additional unmet needs for methods
and apparatus for processing light in useful ways: The prior art .
défines needs to selectively control the.directionslof individuél

light streams of different wavelength bands. There are needs to

-6

TS0000495



WO 02/101451 : o . | PCT/US02/18255 -

direct individual light streams ef_different wavelength bands
from one or more sources to outputs, and to selectively switch
between different sets of directions.

The present invention considers these problems and dictates
and addresses the needs of the prior art. The present invention -
is an apparatus for. proce551ng a band of light to achieve the
‘solution of problems and accompllshment of goals necessitated by -

the prior art.

Sunmary of the'Invention
It is an object of the present invention to separate and
selectively directleach_ef multiple input wavelength bands of a
+light beam to ‘an intended eutput. iAnother object of the inﬁention,-'
‘is the selected switching of an.output receptor to which a defined
wavelength band is directed. Such switching~is aecomplished for
‘one wavelength band independently'of other wavelengthfbands.

It is another object of the invention to direct different'
input waveiength bands; selectively, to a common output. It is a
further objeet_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 multipie input 1igbt
beams to intended outputs.

To. achieve these objects, the present invention is an

-1
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apparatus and method for processing light. A beam of light is
transmitted along an axis from a source. The beam of light
contains individual 1light streams, each having a . different

wavelength band. Such a light stream within_a Wavelength band may
contain a signal carrying infbrmatioﬁ; The apparatus also includes
a plurality of receptors which are positioned at defihedrlocations.
A diffracting member;is provided to diffract the wavelength bands
of light transmitted from the source. _ The diffracting.mémbe;
effects diffraction of the_wavelength bands to one or more of'the
receptors.. A controller is provided to enabie selective adjustment
df-the member to accomplish diffraction of a selected wavelengﬁh
band independent of éther wavelength bands. The controller:thereby
acts to direct a gsignal contained within oﬁe or more seiected
wavelength Sands to be directed to one or more recibients. For
example, a signal may comprise informatioh such as voicevof;data
and may be communicated within one wavelength- band.

| The appératus can comp;iselat least one fiber optic emitter.
Further, the diffracting member can include multiple grating
elements which operéte to diffract at least one output stream of
light having a w5ve1ength band and carrying a signal and to direct
that signal toward a predetermined redeptér.

A diffractive member for use in accordance with the present

invention may comprise a plurality of grating elementé for -
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'difffacting incomieg 1ightt>a support to which the grating eléments
.are mounted, and wmeans for selectiﬁelyi adjusting the grating
elements. The elements may - be: eptically- reflective - or
_ttansmissiVe. The adjustment changes the reflective;phase of the
“light refleeted from, or transmitted through, each element;vthereby
centroiiingdthe direction in which each wavelength band of light is
individually and selectively directed to a predetermined receptort
The invention includes a method for directing a particular
- wavelength bend or multiple wavelength bands of-incoming ﬁiéht.’
‘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'wavelehgth.band of the incoming light to a
predetermined output receptof are ascertained.;'Such.adeStments
may be, fot example, adjhstments of the position of each element;
An array or group of diffraction gratingrelehents.arenpqsitioned—
at the ascertained positions and work together -to  effect
diffraction of the predetermined wavelength band-offlight to‘a
predetermined output receptor.
| The invention may be deeigned to wofk with a plurality of
" input wavelength bands. Steps, as indicated.hereinafterfemay béf"
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 bandi to a first
predetermined output receptor and each additional predetermined
wavelength band to a specified output receptor are ascertainéd.
The diffractibn grating elements_are positiQned at the ascertained
positions to diffract eacﬁ of the inpﬁt_wavelength bands ofAlight
to the 5pecifiedAsét of output receptofs.

This embodiment may also be utilized to switch the directions
of output signals so that the signals:are indépendently transmitted
to the same receptor or to different output receptors. The method
can include additiohal steps tb facilitate these functions. For
the first disposition of the switch; the apparatus ascertains the
first set of positions of the grating elementé that are neceséary
t§ direct the input wavelength bands to a first specified set of
output réceptors. For the second disposition of the switch, the
apparatus ascertains the second set of positions of the grating
elements that are necessary ﬁo direét.the input wavelength bands to
the second desgired set Qf outputAreceptors.'-Thus by sQitching the
Qrating elements between the'tw0‘asceftainea sets ofvpositions, the
input wavelength bands are switchéd between the two sets‘of-oﬁtput
receptors.

In addition to the case where there is a single input béam of
light containing multiple Qavelength bands, the apparatus of this

invention may be employed to direct and to switch input wavelength . -

~10-
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bands in multiple’ input beams from multiple seéerate emitters.
The present invention is thus an improved apparatus and method
for solving problems'and addressing dictates of the prior art.  The
benefits discussed above and other_benefits will become apparent
- from the followingvdescription by refereﬁce to the accompanying

drawings.

Brief Description of the Drawings

"Figure 1 is a plan view of a controllable diffraction grating
sﬁitable for use with one embodiment of the apparatus and
method of the present invention; .

Flgures 2a and 2b 1llustrate the vertical translation of grating
elements in a controllable dlffractlon grating whlch can be
utilized in accordance with the present invention;

Figure 3 is a schematic diagram illuStrating operation of.
apparatus in accordance with the ﬁreseﬁt inﬁention_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 sepafate:optidal
.output fibers;

Figure 4 ista schematic diagram of the embodiment shown in Figure
3 with the-output optical siénals carried on individual.
light streams, eachvhaving a different wavelength band,

switched to a different combination of optical output

~11-
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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‘optical'output fibers, and in whiéh(multiple
optical signals are combined and directed to one optical

‘output fiber;

Figure 6 isra schematié diagram illuétrating an operation of .

| apparatus‘ih accdrdance with the present invention in which
multiple_optical input signals are redirected and provided
to muitiple optical output fibers; ‘

Figure 7 is a schematic di;gram illustrating an operation of
éppara;us in accordénce with the present invention in which
multiple optical signals-are provided'to one optical output
fibgr; |

Figure 8 is a functionai schematic illustration of a diffracting
member in the form of a controllable'diffréction grating
employing reflective éfating‘elements to effect diffraction
of an incoming ligh; stréaﬁ; and |

Figure 9 is a functional schematic illustration of a diffracting
member in the fbrm of a‘controllable diffraction grating
employing tranémissive grating eléments to effect

diffraction of an incoming light stream.

-12-
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Detailed Description of the Invention

The present 'ihvention is an apparatus and _méthod for
processing.light. The apparatus functions to distribute and direct
. one or more optical signals, having differeﬁt wavelength bands,
‘emanating from one or more optical inputs, such as input fiber 30
as seen in Figure 3, to‘bne ér more optical outputs positioned;at
‘defined locations. The optical signalé-can be distributed aﬁd_
.directed to the desired output locations independently of one
another. The pattern of distribution of these signals céh be
volitionally selected_and can be switched and réarranged from one
"distribution patterm to another. 1In effecting sﬁch switching, each
"optical signal can be redirected independently  of the Qﬁher
signals. — |
As will be discusséd hereinafter with reference to a specific.
embodiment of the invention, positions of the grating eleﬁents*14
- of Figures 1, 2a and 2b within a controllable diffracting grating
10 can be varied in a diréction generally perpendicular to a plane
defined by a copianar‘ configufation. of elements . 14. .Such
positionaljadjustment functions to effect an optical phase shift
“(or, less ideally; regulation of amplitude) of the light emanatiﬁg-
from the op;ical input Or'inputs; ' Control of these QroceSSes is
achieved by use of a contfollerv3§ a§“in'Figure 3. Asuwillrbe

discussed hereinafter, grating elements 14 can be either reflective

-13-
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or transmissive. - In either .casei phase shift or amplitude
regulation is..controlled by the.eontroller 34. Again, . such
Aadjustments ~.can accomplish individual control of the various
wavelength bands of the light stream.

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
thisvpurpose. 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. 1In 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 probleﬁ 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‘very‘simple switching application consisting of one
input direction, one wavelength, and one output direction, the
phase'profile produced by the array need onlylcontain a single
spatial frequency. 4 More complicated'switching'applications'
conSisting of multiple input wavelengths and, multiple output

directions require the phase proflle to contain a large number of
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-spatial freéuenciés. In such a'case,-thefe aré a:number“of phasé_
retrieval algorithms such aé Iterative Fast-Fourier ' Transform
(IFFT), éimﬁlated annealing, and genetic algorithms, that can be
employed to determine the apprbpriate deflection profile.
-Iﬁ the'Fraunhoffer diffraction régime, Fourier transforms and.
inverée Fourier transforms-are-used to move back and forﬁh~between
‘ x?space (defined as the positional space measure.along.the:grating
,array) and u-space, where u is defined by the formula:

sin ®@
u —
A

where 0 is‘the Outgoing diffractionfanéle, A is;the wavelengﬁh
under consideration and normal incidence has been assumed. for the
incomihgr radiation. Forr opticral swit.ching,A one must direct a
. series of input wavelengthé (Ai) ipto a sequence of predefined
outpuﬁ'ports that are located at difféfent diffractibn.anglesr(ej)ﬁ
" Thus, one must design the x-space ph;se profile mkx) to diffract
‘the desired fraction of the incident opticél enérgy into each of:a
set of'u—space-points given by_thé formula:

_ sin@,
A

Uij

The desired intensity distributionlinto the set. of u-space points.
‘"defines a desired u-space spectrum. ~The IFFT:algorithm begins'byz

‘taking the square-root of the u-épaée gspectrum to obtain the u-
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space amplitude profile. The u4space_amp1itude pfofile is combined
“with an_arbitrary’phaée profile inibrder'to obtain a complex u-
space profile. This profile'is Fouriér transformed to x-space,
yielding-a complek x-space profile. The émplitude of the'x-space
profile is répléced'by a profile that represents the known_input
intensity"profile, while the phase of the x-space pfofile is
retained.: The x-space profile is then transformed back to u-space,
where the amplitude is replaced'by-the desifed ﬁ-space amplitude
and, once again, the phase is‘retained.' This procedure is repeated
1until the u-space amplitude profile obtained_by tranéforming the x-.
space prdfile'converges_oh‘the desired ﬁ—space amplitude. At this
point, the x—épace phase profile is the phase profile that should
be produced by the gratiﬁg array.

As previously mentioned, the grating'elements 14 can bé either
reflective or transmissive. Figures 8 and 9, respectively,
schematidaily,illustrate tﬁese two types‘of diffraction. Figure 8
illustratés-a series of grating elements 14'which'diffract the
incidénﬁ",light 'Qith 'each .element creating an individually
controllgble relativé.phase-shift @:-¢x. Although not essential to
the invention, the grating.'ellen_\ents 14 shown in <Fi‘gure' 8 are
illustrated in a ch1anar éonfiguration. Again, hoﬁe&er, it Qill
be understood that their relative locaﬁions'lcan be adjusted

(typically, up and down as“viewed in Figure 8) in order to adjust
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the relative phase shifts and thus effect diffractidn. of -"the
wavelength bands to desired spatial locations at which receptors
are positioned.

Figuré'9 illustrates a situation where the grating eléments
14' are transmissive. This can be the case where the elements 14'
are, for examéle, ligquid crystals.v The incident 'light is
_diffracted-by thg grating elements 14’ with each element providing
‘an individually controlled relative'éhase shifts @;-@y. As‘in the
case of Figure 8, grating elements 14’ in Figufe 9 are shown in a
coplanar cOnfigurétion: Again,‘the relativé phase shift'of the
light diffraéted by 6f theée elements 14' can be-adjustéd (typically
by appiication of abvolpage to each of the liquid crystal elements
to adjust the optical path lengtﬁ) to vary the_spatial-positions to
whiéh the wavelengthibands are diffracted.- ‘

Referring now to’ Figufes 1, 2a, and 2b, ‘é cqntrolléble
- diffraction grating 16 is described. Those figures illuétrate
construction of a contrgllable fdiffrac;icu;_grating for use in
éccordahce withlthé_pfeséntHinventioﬁ;”:?igure_lvis a'tbé plan,view:
of a controllableldiffracting grating dé§icé4that\mayﬂbe utilized
With'the present inveﬁtion.' It will be understoéd, however, that,
"while a specific contfollable diffraction grating structure is

iliustrated, other'structures are specifically contemplated for
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_. effecting diff-rac;:ion of light in accordaﬁce with the .pre.sent
.invention. For example, liqﬁid, 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 incominé light. Also shown:are a support to
which the grating elements are mouhted, and means for selectively
adjusting the.position of the grating elements relative to the
incéming.light so that the direction in which each wavelength band
of light diffracts can be ,Qaried and a wavelength band ié
individually:and éélectiVely direétéd to a desired receptor. in
'bthis device, a base substrate'12‘supp6rts the diffraction grating.
The individual diffraction elements comprise grating elements 14,
each having a diffraction surface 16, a resilient layef 20, and
means for /adjusting .the position of the .grating elements 14
provided.by electrode 28 conhected through conducting layer 13 to
an electrical control voltage V. The grating eléements 14 and
resiiient layer 20 are épacéd from each other byisupport‘members
18, and the résilient layér 20 is spaced from the base substrate 12
by. support members 24. The device:also comprises additional layers
15 and 17 that provide electricalninéulation, grounded electrodes
. 26, and ground connections 19 to the resilient layer 20. The
specific details of a similar device to that shown in Figures 1, 2a

and 2b are discuséed in U.S. Patent No. 5,757,536 to Ricco et al.
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- and in U.S..Pateht Application'éerial No. 09/537,936 to Elmer Hung.
et al.. These are hereby incorporated by refefenée.

As shown in Figures 3-7, aﬁ apparatus cbnfiguréd according to
the present invention can provide a vériety of functions.‘-For
example, ﬁhé apparatus. can take a éingle input beam,;separate it
into a plurality of output light streams, each having.a different
wavelength band and forming a signal, and diréct the outbut light
stream to different output receptors. An input light beam couldf
emanate from the .end of an optical fiber, from an oOptical
waveguide; or other source. Typically, an optical output fiber is
prlaced té define each output receﬁtor. An output teceptor‘may_also'
be defined by an optical détectof Qr by an bptical aneguidé.'fThe
diréCtion -of each output. signal can be selectively and
independehtly adjusted ﬁo enable the output signal to enter any one
or more of the output fibers. |

{Add;tionally, light from the signal may'be'collimgted with an
optiéal collimating device 32 ‘prior to_?eing prbvided. to- the.
‘controllable diffracting grating 10, and the light diffracted by
the grating 10 can be focﬁsed with an optica;_focusiqg device 38
while being directed to outpﬁt'fiberé 36. Collimating»ahd focusing
dévices 32 and.38, respéctively, may include one or morevoptical
elements such és 1enses,’mirrors, apertures'aﬁdlthe like.

Figures - 3-5 show some examples of the various device.
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'operatiens capable with the-present invention. For example, as
shemn in_Figgre 3,,output eignal ins‘direeted to the léftmostv
eutput fibefAjs-l(:Xzie directed to the_eemter'outputlfibet 36-2,
end M is direeted to the?rightmost‘eutputlfiber 36-n;ﬂ'In'Figure
4, the directions of the output signals'have been changed,vby
operating grating members 14, and they are shown as entering
different output fibers. As shown in Figure 4, outputISignal Xlis
directed to.the rightmost output fiber 36-n, Kgis directed to the
leftmost output fiber 3671, and A, is directed to the center output
fiber-3642; These changes in- the direction ere>made'by the precise
arrangement of the positions-of‘the different grating elements 14
to‘échieve the phase. shifts calculated by the method;previously
described, Aand as implemented by contvrolrler 34. In order to
effectuate a change in the directions of the output signals, the
positions of the grating elements are reeonfigured.into a new
arrangement, calculetedres.described preViously. | |

Figure Slshows two other types oonutput operationsvcepable
with a device inraccofdance,with the pxesent,invention. As shown,
both of the output signals A; and A, are directed:to the leftmest
omtput fiber 36—1, While A2 is ditected to both the center output
fiber 36-2 and the rightmost output fiber 36-n. 'Tﬁe directinquf_

signals A and A, 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 A, shows that several users can receive the same

~information at the gsame time.

The device of the present invention may also be utlllzea to
recelve 1nput beams from several fibers or other sources: at the
same time. In’ Flgure_s the device takes several input s1gnalS:fr0m
multiple 1nput sources - and selectlvely directs them to several
'output fibers 36-1 - 36n. In Flgure.7 the dev1ce takes several
1nput signals from multlple input flbers 30 and dlrects them into
a single output fiber 36. In an alternative embodiment,-fibers 30
can be replaced by an array of 1nd1v1dua1 waveguldes.

The controller 34 is a device that directs movement ©f. the
individual grating elements into the proper 'poeitioning' to
effectuate the direction of the output signals to the correct
output fibers 36. The controller 34 may include one or more
eleetronic. control circuits. for addressing ‘and actuating the
‘grating elemehts 14 of programmable wavelength selective»SWitch 10.

Controller 34 may also ‘include a microprocessor or means for
aécessing the controller by an external microproeessor or CQWPUter-

The_position of the grating elements is provided;]as shown,; by
selectively adjusting the p031tlons of the grating elements
relative to the: 1ncom1ng llght so that adjustment of the grating

elements changes the relative optlcal phase of 1lght diffracted
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from each‘element,‘andﬁhence.the direction in which each wavelength
" band, or wavelength bands, of_light-is individually and eelectively o
difected"to a desired:receptor. Any means known in'the art.may,‘
however, be utiliied for positioning the grating elements.
Opetation‘ ofv the controllable diffraction grating 10 is
illustrated in Figures 2a and 2b. During operation of controllable
-diffraction grating 10, each grating'element 14 is translated in a
direction generally perpendicular with respect toAthe‘underlying
base 12. Translation is provided by applying a voltage to one or
more actuating electrodes 28, thereby forming an air gép éapacitort
. between one or more aetuating electrodes 28 and resilient member
20, which can be grounded. The resultant electrostatic force of
attraction tends to flex resilient member 20, and ip turn move
gratiné element 14 toward the actuating electrodes 28. Landing
electrodes-26,ptevent resilient member 20 from contacting one or
mere ofA the- actuating ‘electrodes 28. By calibrating the
eleCtromeehanical characteristics - of the grating eiement, the
voltage requited to move each grating element to a desired position
may be calculated. '
It will be undefstood that,. ifrespective of the diffraction
operation illustrated in figures 3-7 being performed,_the present
inveﬁtion enables selective aﬁd independent- direetion and

redirection of a single wavelength band ~of light or mﬁltiple
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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 signifiéantly greater versatility than that
presently known in the art. o

It willlbe underétood that this disclosure, in many reSPECtS)
is only illustrative. Changes may be made in details, particularly
in matters of shape,.size,bmaterial, and afrangement of parts
without exceeding the scope of the invention. Accordingly. the.
scope of the invention is as defined in the language of:the

appended claims.
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WHAT IS CLAIMED IS:
1. Apparatus”for processing light,'co@prising:
~(a) an emitter for transmitting light including multiple
wavelength bands generally along an axis;reaéh band
including a distinct relatea range of collateral |
vwavelengths; | |
(b) a plurality of spatially positioned receptors;
(c)ra diffracting member for diffracting said Wa&elength
baqu to varioﬁs»ofvsaid receptors; and
(d) a controlier for éelectively‘adjusting said diffracting
membér to indépendently vary the receptor to which each

- wavelength band is diffracted.

2. Apparatus in accordance with Claim 1 wherein said

7

diffracting member is a controllable diffraction gratihé! .

»3.> Apparatus in accordance with Claim 2 wherein said
controllable diffraction grating cdmprises a plurality of
diffractive elements, each element being individually

controllable by said controller.

4. 4Apparatus in accordance with Claim 3 wherein said elements

effect diffraction by regulating the'reiative phase of light of

24~

TS0000513



-

. wooywoust - L | .. PCT/US02/18255 i

said aneléngth 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 diffraction of 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
éffeCt diffraction by regulating amplitude @f saidAwavelength

bénds;

10. An optical processor, comprising:
(a) an optical input transmitting a plurality of

copropagating optical signals, each signal having a

—25-
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distinct wavelength band;

(b) a plurality of optical outpuﬁs;

(c) a variably contfollable'diffracﬁioh grating member
including a plurality of diffﬁactive elements, wherein
one of the relative‘bhasé‘shift.and amplitude of ééid B
copropagating optical signals processed by éach element
is individually controlled; and o |

(d) a cohtroller operatively connectéd to the variable
diffraction gratiﬁg member to control the wavelength
bands so as to direct the pluraiity of cobrdpagating
opticél signals to sélected‘one>of more of said optiéal

outputs.

11. An optical processor in accordance with Claim 10 wherein the
copropagating optical signals define communications information.
12. An optical processor in accordance with Claim 10 further -
comprising optics intermediate said optical input and said
variable diffraction grating member to direct a copropagating

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 .

~26—
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member and an optical output to direct a copropagating optical

signal onto a corresponding, selected optical output..

14. An optical processor in accordance with Claim 10 wherein
said optical input comprises an emitting end surface of an

optical fiber.

15. An optical processor in accordance with Claim 10 wherein

said optical outputs comprise end surfaces of respective optical

fibers.

" 16. An optical proeessor in accordance with Claim 10 wherein
said optical input comprises a 1ight-emittiﬁg,region of an

oPtieal wave guide. -

17. An optical processor in accordance with Claim 10 wherein
said opticel outputs comprise input surfaces of respective

optical wave guides.

'18. An optlcal processor in accordance with Clalm 10, . wherein
said elements of said variable dlffractlon gratlng member are

,ref.lective.~
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19. Ah'0ptica1 processor in accordance with Claim 10 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.positioné therebf to effect diffraction of

_the wavelength band of each copropagating optical signal.

21. An optical processor in accordance with Claim 10 wherein
said processor comprises a plurality of optical inputs, each
transmitting a copr0pagating optical signal having a distinct

wavelength band. .

22. An optical processor in accordance with Claim 10 wherein

said controller is electrically operated.

23.> A_method of processing light emanating from an input and
-difecting eaéh of multiﬁle-distinct wavelength bands of the light
to a desired rédeptor, comprising the steps‘of; V

(a) directing the light aldng an axis;

(b) diffracting the wavelength bands éf the light in

different direbtions; and

-28-
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~

(c) selectively varying the direction of each wavelength
band to a reeeptor-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 of'wavelength'bands of incoming light, comprising the
steps of:
broviding a diffraction grating including a plurality of
dlffractlon gratlng elements, | |

calculatlng a p051t10n and orlentatlon of each dlffractlon

gratlng element necessary to dlrect a wavelength band

of the incoming light to a predetermlned output
location; and

positioning the diffraction grating elements in calculated
positions and orientations to diffract the wavelength

bands'of'light~to predetermined output locatione.

26. An optical processer, comprising:

(a) a plurality of optical inputs, each transmitting one or

~29-
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more copropagatihg optical signals, each signal having
a distinct wavelength band} |

(b) an.bptical outpﬁt;

(c) a variably controliable diffracﬁion grating member
includiﬁg a pluraiity pf elements, wherein one of the
relative phase shift and amplitude of said
dopropagating‘optical signals processed by each élement
is individually controlled; and |

(d) a controller operatively connected to the variable
diffraction grating member t§ control wavelength bénds
so as to direct the plurality of cdpropagating opticai

signals to said optical output.

27. An optical processor in“accordance with Claimv26 wherein>
éaid controller is operatively connected to the Qariable
diffraction grating member to control the wavelength bands>soias
to diréct.the plurality of éopropagating bptical_signals to a

plurality of optical outpﬁts.

28. A wavelength selective optical switch for directing omne
wavelength band of multiple bands of incoming light transmitted
. by an emitter, comprising:

(a) a contrdllablé diffraction gréting comprising a

_30_ -
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plufality of grating elements:for diffractiﬁg_the
incoming light; and

(b) a controller for eelectively adjusting a positioﬁ of
each grating element, wherein a direction in which.each
wavelength band of light is individually and
selectively diffracted to a desired location is

eontrolled.

29. A switch accordlng to Claim 28, wherein said controller-is_
conflgured to adjust one or more of said grating elements, and
wherein adjustment of saidigrating elements changes the direction
'in.whieh each wavelength band of light is individually end;

selectively diffracted to predetermined locations.

30. A switch according to Claim 28, wherein said controller
electrostatically adjusts the position-of each of said grating

elements.

3l. A method for directing a pluralityvof wavelength bends of

' incoming llght comprising the steps of:

prov1d1ng a diffraction grating including a plurallty of
.diffraction grating elements;

dete;mining locations of the plurality of diffraction.
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. grating elements necessary to diréct wavelehgth bands
'of:the incoming light to desired output locations; and
positioning the plurality .of diffracﬁion grating eleménts at
therdetermined locations ﬁo selectively diffract a.
wavelength band of light to a predetermined output
location independentiy of other of the wavelength

bands.
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WDM CHANNEL MANAGEMENT USING PROGRAMMABLE HOLOGRAPHIC ELEMENTS =~ ' © T

|
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. We describe results of a high-resolution (0.8nm) holographi¢, digitat muln-wavclmgm filter,
'based on a ferroelectric liquid crystal (FLC) spatial light modulator (SLM). The filter has
applications as a wavelength-division-multiplexing (WDM) technology for use in optical
telecommunications. The polarisation-insensitive FLC SLM acting as a programmable
. holographic element in conjunction with a highly wavelength-dispersive fixed diffractive element
has been used to perform a number of important WDM functions: Demultiplexing of single and
mulfiple (up to 4), segmented passbands spaced by 0.8nm, and dynamic erbium-doped fibre
ampifier (EDFA) gain equalisation. Apodisation of the filter passband has been demonstrated, and
optical add/drop multiplexing is also possible using the holographic technique. The filter offers
potential Iow loss, excellent crosstalk characterisitcs, and a high resolution over a large tuning

range.

" RJMears®, AD Cohen,™ and M C Parker’

Introduction

The development of the cbmm—dopcd fibre amplifier (EDFA) [1] has opeéned up the possibility of very hxgh
bandwidth data pipes, for example by using WDM [2], a.swcllasaﬂowmgncwopncany transparent
architectures, such as wavelength-routed networks [3]. These new systems require specialised functional
components, such as tunable sources, receivers, switches and routers, reconfigurable optical amplifiers and
wavelength converters. Optical telecommunications networks. require components which are optically
transparent and polarisation-insensitive, have a low crosstalk and low loss, achieve high resolution mning, are

. compact and operate at low powers. In this paper we describe how holographic filfering already satisfies most
of these demands, and is becoming increasingly attractive as a polarisation-insensitive [4] WDM technology for
active channel management [5,6). To date, holographic filtering has been used to demonstrate 4, 6 and 8 WDM
channel equalisation spaced by 4nm [6,7,8]. However, by using a high-spatial frequency (300 lines/mm) blazed
grating, a resolution of 0.22nm has been achieved, which allows the filter to manage WDM channels spawd by
the ITU 0.8rm standard.

' Holographicb Filter Oper'ah'on

" The operation of the high-resolution tunable holographic wavelength ﬁltet. shown schematically in figure 1, is
based on the wavelength-dispersive nature of diffraction gratings. On its own, the SLM pixel pitch (165um) is
too large for useful tuning to be obtained. However, a fixed blazed diffraction grating of high spatial frequency
(300 Iines/mm, i.c. lie-pair width of 6.66um) used in conjunction with the SLM yields a compact high
resolution filter. The use of ‘an clectrically addressed SLM (EASLM), to display a desired phase pattern,

-provides a programmable grating (i.e. a hologram) whose spatial period can be altered at will. In addition;
holograms can be designed to have multiple spatial periods, to allow multiple wavelength tuning. A lens placed
after the SLM and fixed diffraction grating converts' the angular scparation of wavelengths 10 a spatial
separation, and a single-moded (SM) optical fibre acts as a fixed spatial filter to select the desired wavelengths.

* Department of Engineering, University of Cambridge, Trumpington St., Cambridge,
CB2 1PZ, UK. Email: jm@eng.cam.ac.uk,
™ JDS Fitel, 570 West Hunt Club Rd, Nepean, Ont. K2G 5W8, Canada.
Emazl‘ Adam_Cohen@jdsfitel.com
~ " Fujitsu Telecommunications Europe Ltd., Research, Nonhgan: House, St Petcr s St, Colchester, Essex, CO1
1HH, UK., Email: M. Parker@ftd.co uk :

11/ . © 1998 The Institution of Electrical Engineers.
1 Printed and published by the IEE, Savoy Place, London WC2R DBL, UK. -
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Figure 1: Schematic diagxam of polaﬁsaﬁoh—imemiﬁve holographic wavelength filter

Tunable Holograplnc Wavelength Filter

rxﬂﬁi.
The current filter has ammngrangeof12.4nmmsteps avcmgmg022nm, with a 3dB passband of 0.3<B—

is polarisation-insensitive. Figure'2 shows the spectral profile of the filter transmission using a ho.IOg:x—z!J‘z _
Without apochsauon. it is close to Gaussian in shape. However. beyond 0. 66nm cither side of thImE=———"

Hologram (a)

10~ AN
%‘ 3 Transmission Loss = 21.7dB
5 o -3dB width ]
, _i_lnn = 034nm
E-1o} ‘ <
=
E -
B ) ]
< -20f 20dB width
[+v]
R
_ ]
E .30t
o
= i
P N
=40 . 1542.0 1543, 0 .
Waveiength (nm) 0.2nmv/div _ —_—

Figure 2: Logarithmic plot of filter passband with FWHM=0.34nm

wavelength, the filter extremities depart from Gaussian behaviour and has the larger ‘tails’, as l]lustrazez
figure, of a Bessel function, which converges to zero more slowly than a Gaussian. The diagram showv =—————>—

filter has an opncal signal-to-noise ratio, SNR >30dB. However, this is only achieved for wavelen

- than ~0.7nm away from the central wavelength, owing to the convolution arising from the Gauss & == =
coupling efficiency into t.hc fibre end. The 21.7dB loss of the ﬂlter is accounted for in the following 1l . - ——
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Reflective blazed grating
of line-pair width 6.66,m

' +_1:dr"der ' :
Lens < Transmissive, binary
AL . 128x128 FLC SLM,
# N\ B pxelpitch 165,m
Output SM fibre

<

FLC SLM PC Controller

Figure .1: Schematic diagram of polarisation—insehsitive holographic wavelength filter

Tunable Holographic Wavelength Filter

The current filter has a tuning range of 12.4nm in steps averaging 0.22mm, with a 3dB passband of 0.34nm, and.
is polarisation-insensitive. Figure 2 shows the spectral profile of the filter transmission using a hologram (a).
Without apodisation, it is close to Gaussian in shape.' However, beyond 0.66nm either side of the centre

Hologram (a)

10 — —
%‘ Transmission Loss = 21.7dB )
| -3dB width ]
a 1 =034nm 1. P
E -10}t 1
o
o
- R - . -
o 20t 20dB width
D
u
E —
E -30f
o
=

A
o

1542.0 _ 15430
Wavelength (nm) 0.2rnm/div
Figure 2: Logarithmic plot of filter passband with FWHM=0.34nm
- wavelength, the filter extremities depart from Gaussian behaviour and has the larger ‘tails’, as illustrated in the-
figure, of a Bessel function, which converges to zero more slowly than a Gaussian. The diagram shows that the
filter has an optical signal-to-noise ratio, SNR >30dB. However, this is only achieved for wavelengths greater

than ~0.7nm away from the central wavelength, owing to the convolution arising from the Gaussian/Bessel
‘coupling efficiency into the fibre end. The 21.7dB loss of the filter is accounted for in the following table:
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SLM Losses : dB

FLC switching angle (26=28°) ' - 657
Diffraction efficiency (1=36.5%) 4.38
Aperturing of SLM - 0.79

_ Blazed Grating Losses » . :
Diffraction efficiency (n=-65%) ' 1.90
Phase depth optimised for A=1um 143
Sundry Losses '

10 reflecting surfaces, each contributing 4% loss 1.77
FC/PC patcheord uniter losses (X2) ' 1.14
fibre/lens coupling efficiency (~42%) : 3.72
TOTAL 21.7

Optimisation of the FL.C and optical components, use of a 1.55pin blazed gmt:ihg and careful design should

- allow a total optical loss of only ~7dB.

Sm:ctheFLCisnotfullybxstab}extlsnecssarytoperiocﬁcanyupdaueanmepmels \mmmeframebung

‘dovmloaded row by row. A practical device, however, would make use of either a bistable FLC or an altemnative -

addmmgschmmovm&mﬁforhupd&epmmsomﬂmmmmgwwemdﬁm
holograms. ‘The effect of the periodic updating is to cause a small modulation during normal transmission of
approximately 0.035dB. This is illustrated in Figure 3. The ~1dB loss of the signal that occurs during the
periodic frame update is undesirable, but new pixel addressing schemes currently under development for silicon
backplane FL.C SLMs should eliminate the need for this process, even with an FLC material that is. not fully
bistable. A fully bistable FL.C used within the SLM would avoid all tenporal modulation of the light and also
allow fail-safe operation of the device. In the event of a power failure, the SLM would still continue to diffract
mellglnandtbedevxcesullopemm albeit without reconfigurability.

-
-

-
~

Insenelty {nu)

.
LATENR » SN X SN T Ea
b (e

Figure 3: Temporal modulation of filtéred light

. Passband Apodisation

The Gaussian spectral-profile may be tailored to achieve a more apodised, passband-flattened response, by
modifying the hologram. This is shown in figure 4, which shows the normalised transmission characteristic for a

different hologram (b). The —~3dB width is now 0.59nm, incressing to 1.35nm at —20dB, ie a more.

rectangular response. This is at the expense of an additional 2.3dB loss; and a reduction in the noise
suppression to 18 dB. _
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Holograms (a) & (b)

o 10
ﬁ —— Unbroadened Passband (a)
c r—— Broadened Passband (b)
o . (2.3dB excess loss) -
[7,] S
a8 0 -3dB width
5 = 0.59nm .
5
= 10 |
- -20dB width |
2
< .20
E
Q
2

-30 A i P | — s A s M X
1540 1541 1542 1543 1"544 1545
Wavelength (nm)  0.5nm/div

Figure 4: Holographic Filter Passband Apodisation

EDFA Gain Equalmmon

Multlp]c wavelmgth ﬁltenng is one of the dxsungmshmg features of holograph.ic wavdmgm filtering and is
_ important for WDM demultiplexing and EDFA gain equalisation. Figure S shows the transmission: of four

passbands separated by about 0.8nm. The 3dB width of each passband is still about 0.34nm, and noise

supression is generally substantially greater than 8dB, with inter-channel ASE suppression reaching 20dB.

Passband uniformity is within 2dB. There is an associated higher loss die to the available light being divided

into 4 passbands, and the reduced diffraction efficiency of binary-phase halograms when they function to fan- -

out light. The average optical SNR or channel isolation for a binary hologram is proportional to the number of

hologram pixels N, and inversely proportional to the mumber of filtered channels C, such that:

N

22— ‘ . (1
SNR 5C | 0))

Thus the SNR performance of a hologram reduces as it is required to control more channels, but improves with
more pixels. Likewise, binary-phase holograms show an additional transmission loss of ~10log,o(C), when
filtering C channels [9] hence the 7.3dB excess loss when filtering 4 channels. .

Hologram (c)

4 'Passbands, separated by -D.Bnm'
 (excess loss = 7.3dB) ' 4

1 2 3 4

-
o

Q

L
o

Normalised Transmission (dB)
©
o

A

1538 1540 1542 1544 1546
Wavelength (nm) 1nm/div

Figure 5: Filtering of 4 WDM channels spaced by 0.8nm
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Tunable Fibre Laser '

Tunable fibre lasers may potentially serve an important function in WDM telecommunications networks, acting
 as stable and pure laser sources, They have a very narrow linewidth, high output powers and large tuning
ranges. We have already published the results of a tunable erbium-doped fibre laser {10], tuned using a
holographic wavelength filter. The holographic filter and a high-gain EDFA were placed within a unidirectionai
fibre ring-resonator. A 3dB coupler ‘was used to access the output power. Tuning over 38.5nm, in the range

1528.6-1567. 1nm with steps of 1.3nm was achieved, with output powers of up to -13dBm. The inherent EDFL -

3dB lasinglimwidxhwasfmmdtobcoftl:mdaokaHz.andthelmgtumwave]mgthstabﬂity_was about
0.1nm. A hologram with a mixed spatial frequency has also been designed to allow the EDFL to simultaneously
lase at 1562.5nm and 1556.0nm, as shown in Figure 6. Due to the gain medium being relatively homogeneous
and dependent at the two wavelengths, mode competition means that the lasing mode powers fluctuated
. considerably. The power in each mode is also considerably lower than usual, since only half the EDFA power
- is available to cach mode, the halogram has less than half the usual diffraction efficiency for each of the two
wavelengths, and a 10/90 coupler is used for the laser output. : :

Power

. Figure 6: Mnltiple lasing wavelengths

Future Work

Thecunmtlyunusedun'adimmsionofﬂ:cSLMmna]sobcuscdtoaddmmﬁonality. such as in a space-
wavelength switch. This could serve as an add-drop multiplexer (ADM) in dynamic wavelength-routed optical.
networks. Figure 7 shows an ‘exploded’ concept for a polarisation-insensitive, optically transparent, compact,
low-loss space-wavelength switch, using a reflective FL.C SLM. The switch acts as a 3x3 fibre cross-connect,
which can also perfectly shuffle wavelengths between the varigus fibres. The integrated design incorporates a
graded-index (GRIN) lens instead of a bulk refractive lens, but the limited numerical aperture of a2 GRIN lens
will tend to limit the mumber of fibres possible to intercomnect. Figure 8 shows how the packaged, integrated
device might look. :

Lens 14-Aplate ‘
Input tibre array ; A NS - GRIN lens 2
—=h— . BRI N RTRETIIITIEVEN %

7,

em—— input fibres -

and wavelengths ]

= Space ) -— =
. Switched cutput -

NN Angle pofished end
Transmhalve Pixellated. Mirror ’ '
blazed gravng FLC SLM

Output fbre array Integrated SLM unit

Figure 7: “Exploded’ 3x3 space-wavelength switch Figure 8: Packaged, integrated space-A switch
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Condusmns

- In this paper wehavepresmtedholograplnc filtering as apotmtialteclnnlogyfordynamlc WDM chamnel
‘management. Holographic wavelength tuning may also find application in WDM telecommunications systems,
where tunable sources, filters and receivers are required. The advantages of holographic tuning are:

optical umsparency

polarisation insensitivity

digital, fast (~10ys), low power operation
fail-safe operation and robustness

fine resolution over alarge wavelength range
multiple wavelength operation

low crosstalk

Dynamic gain equalisation, an important issue in WDM networks, has been addressed using holographic tuning,
The holographically tunable, multiwavelength erbium-doped fibre laser may also find use as a source in a
WDM network. The technique can be used within a holographic space-wavelength switch, allowing arbitrary
switching and shuffling of the wavelengths between the fibres.
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Telecommunications Applic‘ation‘s of Ferroelectric

35

Liquid-Crystal Smart Pixels
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.Michael C. Parker, Steve T. Warr, Timothy D. Wilkinson, and Anthony B. Davey '
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Abstract— Ferroeleciric liqnid crystal over silicon smart pix-
els offers potential advantages over conventional electronic and
wavegaide approaches to telecommunications switching. The role
of such smart-pixel architectures in space/wavelength optical
interconnect and in high-performance ATM switches based on
interconnection of optically accessed memory is discussed.

1. INTRODUCTION

MART pixels are the subject of consxderable interest for

telecommunications switching.! The purpose of this paper
is to review applications of smart pixels based on ferroelectric
liquid crystal (FLC) over silicon technology. [2]. The ]arge
electrooptic effects in liquid crystals and the integratability
of large numbers of modulators [e.g., 320 x 2407} with
the functionality of silicon VLSI gives rise to.a number of
useful switching applications. The devices discussed employ
free-space optics. We review fiber-to-fiber space [6] and wave-
lengih [7] switches that use FLC as phase modulators.” We
discuss fiber-to-fiber switches?® and ATM switch structures [9]
with optically accessed silicon memories (opto-RAM) [10]
that both use FLC shuiters in a matnx—matnx {111, [12]
configuration.

The ever-increasing bit rate and the economic pressures on
network operators to reduce the number of nodes in national
networks leads to increasing node complexity and a potenual
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ISee, for example, [1] and this issue.

2A 320 x 240 array of modulators on a 14-mm silicon chip is currently

being built under DRA Contract MAL 1b/2256. See also [3] (176 x 176
modulator amay) and [4],. [5] (256 % 256 array).
- 3The OCPM project (optically connected pardllel machines) is a collabo-
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electronic demultiplexing bottleneck. At the same time, the
introduction of rhe EDFA [13], [14] to both submarine [15] and
terrestrial routes* increases the potential for WDM techniques
and wavelength routing in such networks. A schematic view
of a future optoelectronic node is shown in Fig. 1. With the
possxlnhty of aggregated switch node throughputs of 1 Tbps
being réquired beyond the turn of the century, it would seem

. desirable, if not inevitable, that much of the transit node traffic

will at least be only partially demultiplexed; if at all.

There is a growing need for fiber matrix switches both
n assoclanon with elecironic switches (such as replacements
to current drgltal crossconnects) and ultimately. as space-
wavelength routing switches. This is represented by the upper -
part of Fig. 1. Optical transparency is essential for bit-rate
independence, and the switcking speeds necessary for network
restoration and management, route protection, and mainte-
nance are approachable by FLC over silicon technology. Such
dev1ces might become an xmportant part of wavelength—routed
petworks. The photonics group at Cambridge ‘University is
acuvely involved in research into such switches for both

-nauonal and local area networks as part of the UK 'EPSRC

POETS ‘(parallel optoelectronic telecommunications systems)5
and OST (optical switching testbed) projects.$

The core switch techinology répresented by the lower part
of Fig. 1 is seen as essentially a silicon electronic systemn; but
optlcal interconnectionis will clearly be needed to achiéve the
necessary aggregate capacity. Switch capacities measured in
Tb/ps are currently .being postu]ated Fuiture deployment of
public broadband ATM-based servicés [16] is hkely to place
severé demands on all-electronic approaches to switch design.
While' there have undoubtedly been impressive efforts in the
density ‘of gates achievable on silicon, this has never been
matched by the performance of the metal-based intérconnect
between chips, either for multichip modules orcbackplanes
Since an ATM switching fabric requires a consrderably higher
degree of interconnectivity than that necessary for circuit
switching, electronic interconnectivity is identified as a severe -
limitation of present approaches to broadband switch design. A

4For example MCL/Pirelli Link between Chicago, IL, and Salt Lake City,

5Parallel Oploeleclromc Telecommumcauons Systems (POETS), UK EP-

" SRC GR/H44773. The POETS project involves Cambridge University (coor-

dinator), King's College, London, and University College London. - -
6 Optical Switching Testbed UK EPSRC GR/J44728 (Cambridge Uriiver‘sity'
" Engineering Department and Computer l..abomtones) A &
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Fig; 1. Schematic of a possible future optoelectronic node.

frec-space optically assisted approach to anATM switcin fabric

‘may help by using its inherent spatial bandwidth to increase the

connectivity and reduce the limiting effects of buses, low pin-
out integrated circuits, printed circuit boards, and multichip
modules. Unless overcorne, such pin-out limitations can result
in suboptimal system partitioning and architectures. Previous
important attempts at bamessing free-space optics have been
technologically limited to a small switch node functionality
as well as low fan-out [17]. Such a limitation has the effect
of increasing the number of stages of switching necessary to
produce a suitably connected fabric.

In contrast to the mhany attempts at alleviating intercon-

nection bottlenecks by the selective replacement of electrical

connections with on-board optical equivalents [18], we have

adopted a fresh approach to the problem in an attempt to
understand how a hybrid optoelectronic approach may fun-
damentally affect the design of an ATM switch fabric from
a theoretical performance as well as an interconnection per-
spective. Clearly, any successful approach must partition the
optics and electronics in a befitting manner. Such partitioning

has already been described within the context of multiple- -

quantum-well devices [19]. FLC over silicon opto-RAM [10]
allows the incorporation of a degree of optical switching to
assist 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 speed currently’

available from this form of light modulator. However, chip-to-
chip transfer rates are ideally matched to the read/write times

of silicon VLSI structures, rather than the data rates of the-
" incoming links. ’

II. FLC OVER SILICON SMART-PIXEL TECHNOLOGY

The addition of a thin layer of feiroelectric liquid crystal to
standard CMOS silicon yields an optoelectronic technology
that boasts the versatility of VLSI with massively parallel
optical input/output [2). Photodetectors -can be implemented

within CMOS design rules and the. very large electrooptic.

effects of the liquid crystal enable the implementation of

‘both intensity and 7-phase modulators (see Section D). A

RNSNOININ «XP 21RRRR4AA | >
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Fig. 22 FLC on silicon technology.

schematic construction of a smart-pixel device and a plioto-
graph of a recently designed 320 x 240 modulator chip are
shown in Fig. 2. ‘ » -
The modulator bandwidth is a function of the required
electrooptic effect and the permissible driving voltage. A
recent optical intercorinect project, optically connected parallel .
machine (OCPM), demonstrated intensity shutters with a re-
conﬁgurgﬁon time of less than 20 s at 45 °C using addressing
voltages of 10V [8]. The fastest reconfiguration time for.
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_ Circuitry

. FLC Light
Modulator

Fig. 3. Opto-RAM cell (single pixel).

intensity modulation suitable for interconnect is extrapolated to
be about 1 us at 80 °C [20]. To achieve efficient phase modu-
" lation, a larger switching angle of up to 7/2 radians is required
[21]. For fields of 10 V;.n.m"1 or less, this limits the switching
times for currently available materials to the order of 400 us
_ at 45 °C but times below 40 us have been obtained at 80 °C
[22]. Switching down to 200 ns has been observed for much
smaller switching angles (<2°) in electroclinic liquid crystals
[23]). While the implied lack of contrast/loss would probably
make electroclinic LC’s unsuitable for optical interconnect,
_they do have promise for signaling modulators in architectures
such as the opto-RAM. The driver circuitry can be as simple
as a single transistor (DRAM), so that given a small-geometry
CMOS process, the limiting smart pixel packing density will
be the optical input/output (photodiode/modulator) geometry,
even for relatively complex pixel logic. The layout for an
experimental optical read opto-RAM memory pixel is shown
in Fig. 3.

" The pxxel shown in Fig. 3 is on a 70-im pnch with a
modulator size of approximately 30 um. The largé dimensions
are due to the 2.0-gm CMOS used and to allow a large

‘read beam to simplify alignment in our experimental system.

" As liquid crystal technology matures and switching voltages
decrease, it will be possible to reduce the process geometry.
Also, as the optical beam used to illuminate the modulator
becomes closer to being diffraction limited, then the modulator
will be of order 5 pm. Previous work has focused two beams

into a 6-umx 20-pm area [24], although with ferroelectric -

liquid crystals only onme 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 mm. (Crosstalk considerations
suggest a limiting pixel pitch of about 8 pm [11]). This will
allow for at least 10% pixels per single chip.

DI LIQUID-CRYSTAL MODULATION SCHEMES

- Ferroelectric liquid crystal modulators can be configured
as either phase or intensity modulators and drive schemes

NeEccoaa 1 .

Amplitude Mode Jransmitted Power
20 ——— Iy =0
_______________ ) T,=sin"20
Polariser FLC-SLM
° with 2V applied Asalyser
Phase Mode
T,, =sin’0
. o'
T,=-sin“0
Polariser Analyser

. with =V applied

ﬁg. 4. Modulation schemes for FL.C smart pixels.

can be chosen for continuous or synchronized read-out [25].
The choice of modulation and drive scheme have important
consequences for smart-pixel system design. The thin layer of
(surface stabilized) ferroelectric liquid crystal can be optically
modeled as a rotatable waveplate with fast and slow axes in
the plane of the modulator, i.e., perpendicular to the direction
of light 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 28 between the fast axes of the two states
where £ is known as the tilt angle of the crystal. Application
of an electric field is required to switch from one state 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
litfle charge will result in incomplete switching. To ensure
long lifétime of the crystal, charge balancing should also be
maintained. Interconnect apphcauons demand a drive scheme

‘which permits continuous viewing. The preferred scheme- for

the smart-pixel 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 B
2 to state 1, otherwise leaving a net zero voltage across the
crystal so that pixels not needing to change are left unaltered.

The schemes for intensity and phase modulation are de-
picted in Fig. 4. A fuller description may be obtained from
Jones’ matrix analysis [26], but a more qualitative description
is adopted here.

Perhaps_the -key dnﬁ'erence 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 gmting or hologram, the relative
modulation between pixels in alternate states is always =«
radians irrespective of the input polanzatlon Thus, in the
output plane, there will be a central (zero-order spot) whose '
mtensxty will vary as sin 2(28) _
[1 — sin (20) sin? -g-] o

I(zero order) =
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where I, is the incident intensity and § is the optical path
difference between the fast and slow axes expressed in radians)
and the intensity of the diffracted spots will be independent
of the input polarization. It is this unique feature which
enables the design and implementation of optically transpar-
ent beam-steering switches for telecommunications systems.
Furthermore, the attainment of binary phase 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 ARCHITECTURES

A. Matrix—Matrix Intensity Switches

The majority of implementations of 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-birefringence fibers and an output
array of 64 multimode fibers.” The interconnect is based-

on the matrix-matrix principle [11], [12] with holographic
fan-out and. fan-in. The matrix—matrix crossbar. makes more
efficient use of the numerical aperture than, for example, the
vector-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 in Fig: 5. The critical
performance parameters are the loss (and scaleability), isola-
tion/crosstalk, and the ease of implementation of the routing
algorithm. . . -
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1) Loss: Fan-out losses of 1/N are unavoidable -through
the replication of the inputs to achieve the full - crossbar
function. Holographic replication can be achieved with:-low
excess-loss (<1 dB) [29] at the expense of making the switch -
relatively narrow-band (~ 1 nm). For the matrix—matrix
crossbar, the fan-in losses are reduced by the use of multimode
fiber but would scale as 1/N if single-mode output .were
required. A single-mode fiber-to-multimode fiber loss -of 28
dB was achieved in the first prototype 64 x 64 switch against
an intrinsic fan-out loss of 18 dB. o :

2) Isolation: The isolation that can be achieved ‘is directly
related to the intensity contrast of the individual FLC pixels.
There is usuvally a single pixel acting as each crosspoint. A
single port isolation of 16.6 dB was measured 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. o , ,

3) Control'and Arbitration: The use of a single-stage
crossbar architecture. with intensity pixels acting as .single
crosspoints permits the trivial routing algorithm:. open. the -
requisite pixel to make the connection. Likewise, arbitration
requires that.-only one pixel in a block associated with each
output is open at one time. , o .
" 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 switch sizes. The OCPM 64 x 64 demonstrator was
tested at 270 Mb/ps at 10~12 BER using 3 mW in fiber laser

‘power at 800 nm. An existing optical design suggests a 33-dB

power budget at 2.5 Gb/ps with a +3 dBm source and —33-
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Fig. 6. Schematic of one possible implementation 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, these figures
would support a 144 X 144 crossbar at 1012 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 nuinber 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
crosstalk-efficient to use a two-stage architecture such as
the deflector-selector [32]. The fan-out of a single stage is
determined by the space-bandwidth product (number of pixels)
and the 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 array sizes
"of this dimension has been demonstrated in the laboratory, but
not yet to single-mode fiber arrays. A schematic of one mode

of interconnection for a 1 : N switch using a FLC silicon

backplane is shown in Fig. 6.

1) Loss: The loss of a single 1 : N 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 of nonoptimal
FLC switching angle and thickness. While this has hampered
experimental demonstrations to date (typically incurring a 6 dB

penalty), new FLC materials such as low molar mass siloxanes
[22] have been shown in the laboratory to obviate this penalty.
2) Isolation: 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. Ratber, it is dependent on the number of
pixels associated with the beam-steering hologram and residual
scattering losses. A crude estimate for the single-port isolation
is [33] is |
. mn .
Isolation ~ 10 e
where m is the number of pixels in the routing hologram and

7 is the hologram efficiency. Equation (2) assumes that power
is distributed evenly over the output plane away from the

" desired spot. Various solutions can be theoretically determined

which dramatically reduce the power at other fiber positions
than the desired output [34], [35]. However, experimentally
determined isolation to date has yielded figures more closely -
in agreement with (2) (typically 25~35 dB). 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 x 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 X N switch (or each
1 : N or N : 1 switch), N different routing holograms
will be required. These are of course determined during the

~ switch fabrication. Irregularities in the fiber array can be built

into the hologram design, and the precise holograms ¢an be
optimized in situ [37]. As an example, thie 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 amray 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 silicon smart-pixel technology to incorporate the (digital)
hologram patterns in on-chip memory (a 1:64 module would
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Fig. 7. Fiber amray alignment for holograpbic 1:16 interconnect.

require about 500 kB): Like the cxbssbar, 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 FLC
. pixel dimensions compared to the wavelength lead to small
diffraction angles 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 telecoms wavelength of 1.55
pum, a tolerance of £5 um yields a bandwidth of 30 nm fof
a 500-um displacement. The need for compact fiber arrays
is thus important for large dimension switches if a broad
bandwidth is to be maintained. On the other hand, the small
wavelength dependence can be tumed to ‘advantage to form
a wavelength 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 wavelength filter
[7), [38]. Fig. 8 shows the layout of an experimental filter
" using a transmissive FLC SLM at a wavelength of 1.5 pm.
The filter is tunable in steps of 1.3 nm over more than 80
nm at 1.5 pm with a FWHM bandwidth of 2 nm. The step

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 WDM systems. An overall fiber-to-fiber loss

of 22 dB was due to the small switching angle of the FL.C

in the SLM and the large diffraction losses associated with
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Fig. 8. Wavelength filter tuning characteristic.

the experimental fixed (binary) phase grating. With the full
switching angle and a commercial low-loss phase grating, the
filter should have losses of less than 10 dB. Although the
current losses associated with FLC phase holograms prohibit-
a competitive filter, the tunability. and reproducibility of the
wavelength filter makes it an attractive prospect for the future.
It is also possible to design multiple wavelength multiplexers
and demulitiplexers based on the passive designs described in

. [39]). By combining active or passive WDM splitters with

holographic space switches, it is possible to create flexible -
optical routers with crosstalk performance which outstrips
acoustooptic tunable filters (AOTF) [40]. B
The digitally tunable filter can be put inside a laser cavity to
yield a precisely controllable WDM source [41]. Fig. 9 shows
the discrete tuning of such a laser in 1.3 nm steps across the
erbium window at 1.55 um. A long-term stability of 0.1 nm
(monitored over four hours) was limited by the mechanical
instability of the laboratory rig and would be considerably

" improved by a solid glass (e.g., GRIN)-interconnect. The short- -

term linewidth (measured by a self-heterodyne technique for
a ring laser configuration) is of the order.of 1 kHz.

VI. OprO-RAM 'I‘ECHI}_IOLOGY

Many of the proposed optical information processing and .
interconnection systems involve interaction and cxchange of
data between spatial light modulators. and silicon electronic
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Fig. 10. 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: 1) optically presents/receives parallehzed data

images to/from a high fan-out free-space optical network and
2) performs electronic rearrangement within memory sectors
{10]. The intemal circuitry of opto-RAM is almost ideritical
to a standard VLSI CMOS RAM, with the exception of
the addition of opto-electronic transducers to modulate/detect
"light when optically reading/writing the memory: Fast memory
. access times are ~1-10 ns per word. The modulator/detector
rate can be matched to the number of words on.the opto-
 RAM multiplied by the access time, i.e., a switching rate of
- the order of 10 us, which is well suited to FLC technology.
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 transformation of data [42])
to be carried out within the optical interconnect. A classic

telecommunications switching. -
Fig. 10 shows a block diagram of a complete optical read

opto-RAM, where no sectorization has been shown for clarity. -
The electronic circuitry of the memory is identical to a

VLSI CMOS electronic rnemory (w:th address and data buses

neccansa b
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~
Fig. 11. " Use of pcﬁph@ chips to support a sectorized opto-RAM.
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Oplo-RAM
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Switchable

F‘g 12. Free-space opnml interconnection ‘of two planes of oplo—RAM
smait 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
than a modulator, for each bit of storage. Such photodetectors
have been successfully operated at 224 Mb/ps [43].

Fig. 11 shows the operational configuration of an optical
read opto-RAM, showing 16 parallelized data images optically
presented to the free-space optical center stage. The opto-RAM
has been partitioned into four sectors due to addressing con-
straints. Such constraints arise due to the- aggregate 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 scaleable with future requirements. 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 mliltiplex (e.g., STM-
connection  intensive application of this type is in (core)

16), 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 ata suitable location as defined
by the address of that location. Suitable locations are defined
as locations which can be optically switched, by the free-spice -
optical switch, to free locations on the output links. This restlts
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Fig. 13. Model for in'terconnccted opto-RAM planes using F- _fold fan-out/fan-in and shuffle.

in the support cﬁips being responsible for part -of the switch
arbitration. Output links are also accessed by a similar opto-
RAM structure. Each support chip must therefore be able to

determine the output locations which have already been used.

The support chip accesses the address bus of the opto-RAM
_sector it is writing to in order to specify the correct spatial
‘position and then writes the data to that Jocation. Data may be
in the form of a multiplicity of bits presented in parallel as an
image to the optical switch, where in-the limit this parallelism
could.be an entire ATM cell (approximately 400 bit).

VII. GENERALIZED ATM SWITCH ARCHITECTURE

‘We have explo/red the tradeoffs which exist between the
"degree of interchip optical fan-out/fan-in versus on-chip opto-
RAM sector functionality for interconnecting two planes of
opto-RAM in a manner suitable to meet ATM switching
connectivity requirements. A suitable interconnect for ATM
switching must meet certain eritetia. |

1) It must (in principle) be technologically and practically
realizable. -

2) It must provide acceptable connectivity and hence cell-
loss probability. ) ’ ’

3) A path-hunting mechanism for routing ATM cells from
input opto-RAM plane to output opto-RAM plane must
be able to be carried out within the time limits imposed
by ATM (for STM-1 input lines at 155 Mb/ps, this
imposes a minimum cell period time restriction of 2.7
us to find all the paths through the fabric if only one
cell per channel is switched per distribution period, up
to 2 maximum of 256 us set by the permissible latency
per node). ) - ' ' '

As an example, Fig. 12 schematically shows an opto-RAM
plane partiticned into a number (16 shown here) of indepen-
dent, switchable sectors. o

The performance of a variety of interconnection options
may be assessed using the generalized interconnection model
shown in Fig.'13. This shows a number of miodules, Where
each module consists of two opto-RAM plarnes interconnected

by an optical fan-out/fan-in/shuffle. It will be assumed that

in general M modules will be required to give sufficient

k anenA~In. VD DaREEAAS )~

Theoretical —

=
b .
T

Cellloss probability
ab

lower bound
ol from (3)
1 o"2 s L 2
1 3 T4 - 5
Speed-up factor (mNg)

Fig. 14. Effect of .speed-up factor (m/Njy) on céll-loss probability for
N = 64, Ng = 4 for fan-outs F" =1, 4,8,16 for uniform traffic.

connectivity between the IV inputs and IV outputs. It should
be borne in mind that it is desirable to limit the number of
stages as failure to do so can lead to practical difficulties with
the opto-mechanics. The input opto-RAM plane is assumed to

.be sectorized such that each sector may receive N, ATM cells

arid electronicaily write them to any of mn memory locations
(i.e., each sector is effectively an Ng x m crossbar switch).
By ensuring m > N, (i.e., the first stage acts as an expansion

_stage), the designer may dilate the network and hence build

in sufficient paths such that any internal blocking may be
reduced to acceptable levels. Clearly, a contraction stage will
be required at the output stage of the network. o

" Topologically speaking, each opto-RAM plane is connected
to a center-stage switching plane composed of a number of Fx
F. crossbar switching elements. It is proposed that the F' x F
switching operation and the shuffle required to connect these
switches to the opto-RAM planes on either side is realized
optically by a space-invariant F-fold fan-out/farifin operation
using a computer-generated hologram followed by a shuffle.
A space-invariant operation involves an operation where the
same operation is carried out on all beams (in contrast, a space-
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Fig. .15. Three-stage ATM switching fabric (16 x 16 shown for clarity), with F = Ny = 4.

variant operation allows a completely arbitrary interconnection

pattern to be carried out on the various beams). Space-invariant

operations are well matched to the capabilities of optical

components such as lenses, mirrors, and holograms, and are
relatively easy to implement (space-variant operations require
much more complex optical implementations that often-result
in low interconnection density and high cost). The effect of
employing differing degrees of fan-out/fan-in F for given
.values of N, and m (since in general each of these parameters
will be subject to a technological constraint) will be explored.
Cell-loss probability between the two planes for uniform ATM
traffic may be used as the means of comparing differing
options. ) ’

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 deldy performance for ATM traffic [44]. Such
an approach requires sufficient dilation (i.e., expansion) of
the fabric to allow many cells to address a particular output
without blocking. It is possible to provide this dilation by
adding extra memory locations to the input-stage opto-RAM.
Siich dilation does not affect the fan-out/fan-in required, but
merely the size of the image to be fanned in/out.

Output queuing is assisted by the sectorization of the opto-
RAM. From the model of Fig. 13, we can see ATM cells only
have to route themselves toward a'par’tiéqlar output sector
rather than a particular port associated with that sector. Any
subsequent contention for ports when cells have successfully
arrived at the memory sector is taken care of by queuing cells
in memory associated with the output sector. As the sector
size becomes large, the law of large numbers helps to reduce

the statistical variation in the number of cells addressing a

particular sector. This has the beneficial effect of reducing the
degree of dilation required within the network. The theoretical
lower bound for the cell-loss probability when m links feed

RAISACICIN: ~¥YD 218RRAA AL "~
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Fig. 16. Clos representation of Fig. 15. )

an output sector of size Ny (i.e.; the mt x Ny contraction .s_tage
in Fig. 13) may be calculated by assuming that all m of these
links may be reached by cells when required (clearly, this is not
the case in general due to internal network blocking). Hence,
the lower-bound cell-loss probability is the ratio of the mean
number of cells which are lost per sector per arbitration due to '
a number of arrivals exceeding m, divided by the mean number
of cells which are addressed to that sector [45], shown as

; 1 roo. NooN (, Np\N-3
A= 2 0-m(F) (%) o
J._m-_l-l f

where p is the mean occupancy of the incoming links to the
switch. This is a lower bound since it may well be that, despite
there being m memeory 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 port contention) may be reduced by implenienﬁ,ng i
a higher fan-out/fan-in value F, or indeed by further increasing
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m. Alternatively, an extra stage may be added to increase the
number of available paths. : '

Fig. 14 plots the results of computer simulations to de-
termine the cell-loss probability for various dilations for a
64 x 64 switch where N, = 4, F = 1,4,8,16, M =1, and

= 1. When F' = 1, no center-stage switching is actually
occumng, only a shuffle existing between the two opto-
RAM planes. The continuous curve represents the theoretical
lower.bound as given by (3). The effect of increasing fan-
out is to reduce internal blocking 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 which picks possible free paths
at random. Increasing the fan-out further to ' = 64 (and
thereby no longer making use of the switching within opto-
RAM sectors) will have the effect of removing the small
arbitration loss term entirely, though clearly at the expense
of a more demanding optical system. F' = 4 corresponds to a

banyan network, widely known to be blocking.

* * B. Three-Stage ATM Swn‘chmg Fabric

A particular case that we have proposed as an attractive
approach to the construction of a large ATM switching fabric
is a three-stage swnchmg conﬁgurauon [9], shown in Fig. 15.
The first stage of sw1tch1ng is achieved usmg an optical-read
optically accessible memory. Its input comprises a high-speed
synchronous multiplex of a number of ATM links, while its
output comprises a spatlal multiplex of ATM data, suitably
parallelized in to data images to match the modulat:on speeds
of ferroelectric liquid-crystal technology and the available
parallelism of the optical system. This spatial multiplex may
- -now be optically presented to a free-space crossbar, where
the central switching function of the data images is carried
out. The outputs of the free-space crossbar are subsequently
written to an opto-RAM configured for optical write,” where
the third stage of switching of the three-stage operation is
carried out. For a crossbar of dimensionality F'x F, where each
input comprises a.spatial multiplex of N, parallelized ATM
links, the overall switching dimensionality of the three-stage
network shown in the figure is cleatly (F' x Ng) x (F X Ng).
It is proposed that the central optical switching function be
carried out using a free-space optical crossbar {46]. The fan-
out required is equal to the number of high-speed synchronous
multiplexes feeding the crossbar, namely F'. Fig. 16 shows the
same switch redrawn to show the functional equivalence to a
three-stage Clos network.

- C. Scaleability of Three-Stage Switching Fabric

The feasible data rate that could be transferred off such

a smart-pixel device (for 10° pixels and 1~ pus switching)
approaches 1 Tb/s. For an N = 1024 port switch, and
assuming approximately equal partitioning between electronic
and optical switching, there are approximately 30 000 switched

- channels in the interconnect plane. In the case of a LC switch-
‘ mg time of 100 ns, it would be appropriate to switch cells of

P18KRA44A | ~

approxxmately 50 bit wide. This would require approximately
108 resolvable pomts in the interconnect plane. Such a system
places a demanding requirement upon the optical system, but
one which we believe to be pract:lcal for a high-capacity
switch.

VIII. CONCLUSION

FLC over silicon smart-pixel devices have considerable
promise both for reconfigurable 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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OPTICAL SWITCH

'FIELD OF THE INVENTION

[ 2

. PCT/GB00/03796

The invention relates to the general field of optical:

switching and more particularly to optical switching-

using multiphase or continuous phase hologram devices.

BACKGROUND OF THE INVENTION

<

Optical fibre switching components. are fundamenfal.‘toM

modern global information syStemS. Singie-stage:'matrix.

switches operating independently of the optical bit-rate

and modulation formats, éapable 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 1limited 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 technologieé is to use-

reconfigurable holograms as elements for defledtingL

optical beams between arraYs of optical inputs and.

optical outputs.

A known holographic'optical switch, otherwise known as an-

'pptical shuffle, is shown in figure 1.

In figure 1, an array of opticaI 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 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. Bagﬁ;input'l may transmit

a different digital or analog bptiééifsigﬁél through the
switch to one (or possibly several) of the outputs 7.

" Thus - upf to N different inputs may be simultaneously

passing. through the switch at any instant. Each input may
consist of a single-wavelength moduléted by . data; a
number of different data sources operating at different
wavelengths (e.g. a-wavelength—mﬁltiplexed system); or a

continuum of wavelengths. Although the switch is shown in

cross-section in - figure 1, 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 1is arranged

behind a first lens array 2. Each-optical signal emitted.
by the input array enters free-space, where it is
'c611imateduby one of the lenses in first lens array 2.
Each cdllimated beam then passes through a‘first hologram'

display device 3. The first hologram display device 3
displays a holoqraphic'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 angie of deflection. The first
hologranm display device 3 may also have the effect of
splitting an individual beam into several different
angles or diffraction _ofdérs. Ohe application for
utilising this power splitfing effect is to route an

input port to more than one output port.:
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The deflected optical signals prbpadate in. fféé—séace
across an'interconnect'regiOn 4 until'they reach a second
hologram device 5. The hologram pattern .at ‘second.
hologram device 5 is designed in such.a wéy-to reverse
the deflections introduced at the first hologram display
device 3 so that the emerging signal beams‘afe parallel

with'the system optic axis again.

The optical signals then pass through a second lens array

6 where each lens focuses its associated optical:signal.

into the output ports of a receiver 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 determine

which output fibre or fibres 7 receive optical data from
which input fibre or fibres 1. The interconnect region 4

allows the signal beams to spatially reorder in a manner

determined by the specificVhologram,patterns displayed on
‘the first 3 and second 5 hologram display devices. The:

switch also operates reversibly such that 6utputs 7 may -

transmit optical signals back to the inputs 1. .

b

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'fixedfhologram 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 by displaying

‘hologram patterns on a spatial 1light 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)

2)

3)

Knowh SLMs, using a ferroelectric liquid crystal provide
binary phase modulation and such phase modulation can be
polarisation-insensitive. However, the = maximum

theoretical diffraction effiéiency for a binary phasé

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 multipie phase’
modulatidn. 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) 2x.

In order to implement a holographié 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

- .crosstalk figures within specified values. In particular,
: Vd

1)

nnnnnnnnn

the hologram set must Dbe optimised to prevent beams

associated with unwanted diffraction  orders from being

launched down the wrong channel. Increasing the number of

phase 1levels tends to result in a decrease in the

strength of the unwanted diffraction orders.

A convenient method of cbnstructing 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
reflection rather than‘ transmission, and the switch
laydut shown in. figdure 1 is‘ therefore no longer

appropriate. ..
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Accordingly the present inventiom aims to  address -at

least some of these issues.

SUMMARY OF THE INVENTION

According to a first aspect of the invention there is '

provided 'a switch comprising an integrated spatial light
modulator for receiving 1light of a predetermined
wavelength, the modulator comprising a ‘liquid crystal

layer spaced from a second layer by a layer having an

optical retardance of an odd integer number of quarter- .

waves of said waveléngth, wherein the second layer is.

reflective of said light of said waveléngth.

In one émbodiment?said liquid crystal layer is a nematic.

cfystal layer.

In another said liquid crystal layer is a m-cell.

' Preferably the seéond 1ayer'is a metéllic layer.

Advantageously the meta;lic.léyer is of Aluminium.
Conveniently said wavelength is 1.57 pm

According to a second aspect of the invention there is

provided a switch comprising an integrated spatial liéhtw

modulator for receiving 1ight' ‘of a predetermined

wavelength, the modulator comprisihg a liquid crystal

cell havingla pair of opposed and'mutually substantially -

parallel end plates disposed substantially parallel to an
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, séidfliQuid

crystal being spaced 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. Qévelength, wherein the second
layer is refleéﬁi&é of-said_light of said wavelength,Aand
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. -

Preferably said liquid crystai layer is a nematic crystal

layer.

Alternatively said liqgid crYstal.layer is a ﬁ—cell.
Preferably the secdnd'layer>is a metallié layer..-
Conveniently tﬁé mgtallié layer‘is of Aluminium.

Advantageously the modulater has a glass cover ‘disposed
over said 1liquid crystai;layer, and the metallic layer
has -a connection to driving ciréuitry for switching the
modulator. ' '
Actording to another aspect of the invention there is
provided a method of switching a 'light beam having a
first component polarised in a - first -direction and a-
second component polérised ‘'in a second direction
orthogonal to the first, the ﬁetth cqmprising providing
a device having a liquid crystal layer andi an optical
-retardance, the 1liquid crystal being respohsive to a
variable drive voltage . to provide a cqrresponding
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 interﬁediate beam having a variable phase
~delay applied to said first component and an at _leaét

substantially fixed phase delay to said second component;

SUBSTITUTE SHEET (RULE 26)
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- by said retardance, rotating the- polarisation of said -
intermediate~beamf applying the reSultant light to'said
liquid crystal device whereby ~a component of fsaid‘
resultant light -polarised in = said first- direction
-recelves sald variable phase ‘delay and a component of'
said resultant 1light polarlsed in said second dlrectlon

.receives said at least substantlally fixed phase delay. - : -

- Preferably the rotating step comprises 'rotating said
polarisation through . 90 degrees ' whereby at - least
substantially equal amounts of variable phasegdelayvare.

applied to each of said first and second components.

Advantageously ‘"the rotating step comprises a step of
reflecting said intermediate beam back along its incoming

path;

Accordlng to yet another aspect. of the invention there is
provided an optical switch comprising .a plurallty of
input optical fibres for providing plural input llght g
' beams, a plurality of optical receivers for receiving
output light- beams, a first and a second reflective
spatial 1light nodulator, and drive c1rcu1try for forming
a respective plurality of sw1tch1ng holograms on each
spat1a1 light modulator, said holograms being selected to
~eouple each said input\ optical' source to a respective
,desired optical _reoeiver,b'wherein- each spatial. lioht
modulator incorporates. a_-liquid ~crystal device ‘for
modulating the phase' of lioht travelling through _said
liquid crystal device, a reflector device for returning
light. backv through said liquid cryStal devipe and a
§'devioe, disposed between said liquid crystal deVioe and
'said.reflector dev1ce, for rotatlng the polarlsatlon of
light,hy 30 degreeSf 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 spétial'light modulator
being operative to deflect said input light beams to said
switching holograms .on said second spatial 1light

modulator and each said EWitching hologram on said second

spatial light modulator being operative to deflect said

light beams to a respective optical receiver.

Preferably 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, wherein each output

optical fibre is directed towards a respe;tivé.Switching

hologram on said secondvspatial 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 1light ' 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 dlsposed between sald

first and second spatial llght modulators.

Conveniently the switch further comprises respectiﬁe
optical. systems disposed between said input fibres: and
saia~-fiISt spatiél 1i§ht'>modulator and between ,Said
oUtput fibres and said second spatial 1i§ht’modu1etor,

.Whereihveach said‘optical'system comprises two confocal
1enses, ‘the input and"outpﬁt 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- lnput and output flbres .are disposed in

respective planes and _the' optical ’sw1tch further
comprises respective ‘ errays of microlenses, said

microlehses 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 flbres and said first spatlal light. modulator_
and between said output fibres and said second spatlal

llght‘ modulator, wherein each said optical  system

"comprises two confocal lenses, and a focal plane of a

first lens of each optical'sy$tan coinciding with. the

,oﬁtpdt focal plane of the associated microlens array.:

Advantageously said optlcal fibres are thermally expanded .

core (TEC) flbres.
In:another embodiment the first and.second spatial 1light
 modulators are mutually offset so that no zero order

beams from the first spatial light modulator is-incident

on the second spatial light modulator.
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Convenlently' at least one optical- receiving element is
dlsposed in a reglon rece1v1ng said zero-order beams from‘
said first spatial 1light modulator, whereby input signal

may be monitored.

Advantageously, the or each element is a fibre.
Alternatively other elements such as receiver diodes

could be used.

Preferably each switching hologram provides a repeating
pattern on its spatial light modulator, whereby the
repeating patterns on the two SLMs satisfy the relation:

.92(”) =-9|(””)

where Qz(u) is the repeating- pattern on the second SLM and_
61(—u) is the repeatlng pattern on the flrst SLM, and

the angle of. 1nc1dence ‘is such that the Poyntlng vector
of the input light beam incident on the first SLM, and of
the light beams leaving the second SLM, is in’ the plene
of tilt of the director. 4 -

In a preferred embodiment, the output fibres are secured
together in an array by a glue containing black pigment

to attenuate misaligned light.

In another preferred embodlment, ‘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.

BRIEF DﬁSCRIPTION OF THE DRAWINGS
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Non-limiting .embodiments of the invention 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 1liquid crystal -

" device:;

Figure 3 shows the use of a quarter-wave plate, and.
illustrates the polarisation states of an input field in

a double—pass reflective system;.

_Figure 4 shows a schematic cross-sectional view of a.
-first embodiment of ‘a SLM with integral quarter-wave .

‘i-f‘p'l'a'te'; .-

Figure 5 shows a schematic cross-sectional view of a
.second. embodiment of, a SLM with -integral quartér¥wave

plate;

Figure 6 shows. an overview of an exemplary silicon back .

plate'layout 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;

Figuré 9 shows a schematic diagram of a part of a first

optical system useable in the switch of Figure 8;
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Figure 10 shows a schematic diagram of a part of a second
optical sYstem including a microlens array, useable in

.thefswitch of Figure 8;

Figcre 11 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 modi_fication 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;

Ve

Figure 15 shows -propagation conditions inside the liquid

crystal; and

Figure 16 shows the differing propagaticn conditions

inside the input and output SLMs.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

In the wvarious figures, like reference signs indicate
like parts.
Figure 2 shows the p'ropagation of a planar wave front

100, travelling along the z-direction through a layer of

Sy
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uniaxial liquid crystal cell 101 -of uniform alignment.

The cell comprises a_front plate 102 and a rear platé‘103~:

sandwiching the liquid crystal 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 éway from the x-direction by an angle 6 on to fhe
plane xOz. The tilt angle O is electrically controllable
by a voltage applied across the liquid érystal cell. 101.:

The two propagation  modes travel along the z—direction>w

with different velocities: these may be calculated using.

a geometric construction in which an ellipsoid is. drawn

with a long axis of length n. parallel to the director.

~ For é uniakial medium the other two axes of the ellipsoid

have equal lengths (ng). A plane_'is ~constructed
perpendicular to the Poynting vector (in this case the
plane is parallel to the kOy plane). The intersection of
this plane with the ellipsoid defines an ellipse 110. The
directions of the majof and minor axes 111, 112 of this
ellipse define the two orthogonélr polarisation modeé,
while the lengths of these two axes define the refractive
index experienced by the correépond%pg mode. For é>tilt

in  the' x0z - plane, the minor axis of this ellipse is

o paiallel: to the y-;direcfion, “and _phe_ major axis is
'theréfore parallel to the  x direction, for all values of

e. Hence, for any 8, the x and y directions are parallel'

tb the polarisation modeé, ‘so - that the- components_'of

incident light polarised in these directions will remain

~in these directions on propagatibn through . the - liquid

crystal. This. remains true even if the tilt angle 0 is

changing inside the medium.

-The'lenéth of the minor axis 112 is ng, for all values of

0. Hence the comﬁonentnéf the field that is parallel to

the y-axis experiences refractive index n, whatever  the
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tilt anglé 6 is, and therefore the-phase delay caﬁséd to
it by the cell is independent of the voltage across it
(ord'inary,wave) . On the contrary, the .len'gth of the major
axis does ,depend on the tilt angie 0, and so the x-
component_.of the field (extraordinary wave) ‘expefiences
different refractive index n for different values of the

tilt angle.

The length of the major axis 111 is n(0), and is given by

- equation (1):

1 =.cos"(6)+ sin?(0)
n2@®) n nl (1)

It follows that n‘osh(G)S.ne’. The relative phase delay

between the two components is then given by the equation

(2):
Ad =k,dAn _ (2)

In equation (2), d is th'.e thickness of the l?i.quid crystal
cell, ko the wavenumber of the field in free space and An

is given by An:n(e)—no.-sinc_e Anis a function of the

voltage 'across the cell, equation (2) shows ' that the

applied voltage can continuously control the phase g

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 polé.risation, and devices and methods for
achieving this will now be described for the situation of

normally incident light:
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Expréssidn (3) shows a mathe.mati‘ca'l representation of .an

‘arbitrary polarisation state as the superposition of two

"orthogonal, linearly polarised waves:

Eox(expjs() .
Epn(x,y,2,0)= (EOY ) ex::jj'e'y (')) exp j(kz ~ mt) (3)

where the amplitudes, Egy(t) and Egx(t), and phases egx(t)

and ey(t) wvary slowly, remaining essentially constant over -

a large number of oscillations. For unpolarised light the
relative 'a'mp'litude, " Boy(t)/BEox(t) - and relative phase,
ey (t)— ex(t), vary,rapidly compared to the coherence time
of each linearly polarised component, i.e. the two waves

are mutually 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 figu;e 2, allows just one of the two
compénerits (x-component) to be properly phase-modulated

since the y-component always gains the same phase delay.

Figure 3 shows a scherﬁatic ‘diagram of a configuration
that :wél‘.l.ld. éllow 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
enabl'e a do‘uble—pass‘ configuration. In between the two
passes a suitable rotator 31 is _introduced, which rotates
both components through 390°. As is known to those skilled
in the art, a quartér -wave plate acts to retard one
polarisétion compo'ne_nt 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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thé plane Oxz by 45°) and a mirror -acts as a 90° :otator}
It would of course.be.possible.to>use—a 3/4, 5/4 etc~
wave plate, the criterion being aﬁ‘odd-iﬁteger number of
quarter waves, so that a double pass produces the ovérall
90° rotation. = Consider light with an | arbitra:y
pélarisation 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 quarter wave -

plate and‘mirror, the polarisation component: polarised in
the xdirection (Emdt) ekp 3 &Jt)) ‘experiences a
refractive index n(6), where 6 depends on ‘the appliéd
voltage, while the component in the y direction (Eoy (t)
exp J éf(t)) does 'not, and instead experiences. a
refractive index, np , that is-independent of the applied
voltage. The orientation of the quarter wave;upiate' is
such that these two polarisation components © are
exchanged. For the Zm‘pass,»on returning back through the

liquid crystal, the component Epx(t) exp J ex(t)) is now

polarised in the y direction, and therefore experiences a

refractive index no, while the component Epy(t) exp'j ey (t)

is now polarised in the x direction, and experiences a

refractive index n(6). 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 h&» and one pass under a refractive index n,.

In particular (equations 4 and 5):

Eox component: Aoy = APist_pass + Apanp-pass = h(8)d +kngd (4
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_ Eor component:A@oy = Abist_pass + Abanp-pass = knod +kn(6)d - (5)

The system may be described mathematicélly (equation -6)
in terms of Jones matrices, with the result that (as

-éxpected);_

EOUT(;’ »z, t) _ , | .
A e 0 - expjkd(n + "(0)) Eg (i)expjsx(t) .ex _ '
) (exP Jked(ng + n(8)) | ‘00 J(Eb;\:(t)exp jsy'(t)) Pk a)t) (e

_[Eoy(’)expj{é‘r(’)“"kd("o +"(9)}J J(kz = o)

B Eox ()exp j{&, (£) + kd(ng +"(9)} _expj —

It should however be noted that the light exits the
system in the opposite orthogonal state. This.. Jones
matrix result wuses the convention ‘that the y—éxis is
‘inverted on reflection from the mirror. Tﬁe mathematical.
result confirms that both components of the output light
have the same phase change (in agreement with-equation 4‘
and 35) and .therefore polarisatibn insensitive - phasé

modulation is feasible. _ o : Co , .

In general & may 'vary with z, in which case the: index -

“n(0)' in (6) should be replaced by (expression 7i =

0> Trote)e: | o

The foregoing principlé can be applied t§ an arréy of
modulating elements. A plane wave front éf arbitrarily
polarised light, which normally impinges on to such an
ar'ray of pixels, each .- of thch is chara_bcﬁerisedf by a
- specific value of tilt angle (by the application of
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"différent 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 described:

AS seen in figure 4, the SLM consists of an aluminium pad
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 plafé 121. On the quarter-wave plate, and over an
intervening alignment layer, (not ~ shown) there is
disposed a 1liquid grystal layer 122 - here a- nematic

liquid> crystal is used, but the invention is. not so
limited. The actual requirement is the ability to provide
an out 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 transpareht conductive iayer 124 'such as an
ITO (Indium Tin Oxide) layer fo;ming 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. 1In
.the cell of Figure 4, the aluminium pad acts as a mirror
and.alsodprovides the necesséry power voltage;aéross'the

cell for the liquid crystal 122 to switch.
A second embodiment is shown in figure 5.

Referring to figure 5, a pixel array 130 is integrated on
a silicon—l.Spm—transparent backplane structure 131, and.

is sandwiched between the’ backplane structure and one’
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face of a liquid cfystal layer 132. The other'side of
the 1liquid crystal layer 132 is in contact with an
alignment'layer,133, which in turn is covered by an ITO
layér'l34. A quarter wave-plate 135 is .disposed  between
a front aluminium»mirror.136 and the iTCﬂélectrode 134.

The thickness of the quarter wave plate méy(bé adjﬁsted

- by spin-coating techniqués so that in reflection it

functions as a half-wave plate at A=1.57 pm.

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

2pym CMOS process. Figure 6 shows an overview of the

silicon backplane layout..

Referring ‘to Figure 7 a furthef embodiment .df; the
in&ention uses a twisted nematic liquid'crystalpmixtuie
in a >n—cell configuration, again using ‘a  gquarter-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

thréugh an angle. Figure 7A shows the director angle as a
series of illustrative 1lines 50- 56 across the cell.
thickness, with the cell in the unbiaéed 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 durihg the switching' process is minimised and the

response time decreases. Given that the thickness of the
cell is iarge enough so that the field can be actually
wave—guided through it, the same principle of: 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
lintegral‘ retarder, it is also possible to use- a non-
integral retarder, such as a non-integral gquarter wave
plate. The following description is not therefore limited

to an integral quarter wave plate.

‘Referring now to Figure 8, a first parfial diagram of an
embodiment of a reflective switch uses a first, or input
SLM . 140 and a second, 6r 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. The two 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 the'input SLM at an angle Gh,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 is
such that for the  input SLM - 140, each' hologram is
associated’ with a particular input fibre, while for. the
output SLM 141, each hOIOg;am is associated' with a

particular output fibre.

Routing from input fibre f£fC to output fibre £fB is
achieved by configuring input hologram hC to deflect the
input beam to output hologram hB, so that the angle of
reflection typically differs from the incident angle Bin.
Output hoidgram hB deflects the beam incident on it to.
output fibre £fB. In between each hologram and its
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corresponding fibre there 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 have'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 the second lens 151.
The focal'length f; of the-firsf'lens 150 is shorter than
the focal length f; of the second lens 151. The fibre
array 143 is positioned at the input focal plane of the

first lens 150, while the output focal plane of the -

second lens 151 is approximately midway between the
hologram déviges 140, 141 (see figure 8).VThé same :rsystem

would be used at both ihput and output to the switch.

Under certain circumstances, as will be clear :to those -

skilled in art, a field flattening lens may be regquired.

In a co pending patent application an embodiment using -

reflective SLMs has the beam passing twice through a lens

(off-axi.s.) positioned immediately in front of the SLM.

PCT/GB00/03796

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: ) . B
use of fibres with a narrower diameter thus»allowing

closer packing; and
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.use of a microlensuarray'after'the fibre array, so

that the focused_Spbts;leaving the microlens array are in

the input focal plane of the lens of lower focal length:

(see"figure 10 in which a microlens array 153 lmavihg

. focal length fn is between the lens 150 and the input

fibre array 143. The input 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 1lens

150)

“

An advantageous option is to use both a microlens~array

and larger Spot—size-fibreS‘in the fibre array.

"As w1ll 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 also result ' from

fabrication tolerances in the quarter-wave  plate
thickness and blrefrlngence,. and from misalignments
between the plate orientation and the plane of tilt of
the llquld crystal. '

It can be shown that these effects produce rero—order‘

(i.e. undiffracted) polarisation-dependent crosstalk in a
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switch conflguratlon due to the 'component of 1nc1dent

light in the y polarlsatlon dlrectlon

For incident light polarised in the 5-difection,=it can
be shown that the result of the errors is to prbduce.a”
diffraction .order at twice the angle of the intended main-
diffraction order. The amplitude of this doubled-order
crosstalk varies with the polarlsatlon state of the input.
light, and hence the effect is to generate polarlsatlon—:

dependent crosstalk.

Reference to Figure 8 shows that the: ihplit and ‘.outpute-.
'hOIOgrams deflect the .béam in opposite directions. >As
. known, maximal wavelength range is achieved when angular :
—-deflection is .equal " and opposité. The consequence is.
that, with the SLMs parallel as shown, the beams
travelling ‘from the input fibres to the input-holograms
aré parallel to the- beams travelling from the output -

holograms to the output fibres.

As the hologram array is regular, such that the set of -
ﬁilt angles is'quantised into units of Mp/L; where M is .
the number of pixels in each row of fhe_hologram,-p is-
-the pixel pitch, and L is the distance between .the-s
holograms, therefore to route to a fibre ngy along in the x .
‘direction, and n{ along in the y direction, the beam=
"deflection at the input hologram is given by equation 8.

ny Mp

(8)

5(Sil'l Bx) = nXLA!p and J(Sin 9}7) =

Also the beam deflection at the output hologram' is .

(equation 9): -

nyMp :
L

8(sin6 )= —2X -LMP

‘and 5(sin6y)=— (9)  |
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Referring now to Figure 11, the output SLM 14115
arraﬁged such that the zero-order beam reflected froxﬁ the
‘céntre of any hologram oh the input SLM 140 is incident
on the centre of ‘an output hologram of the output SLM
141. This is the cbnfigur’at.ion that maximises the'
wavelength range. For-example, the zero-order reflection
from hologram hA is incident on the 'centre of holo'gr_am

hB.

The 'effe'ct of the quarter4wave» plate tolerances is tov
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 fractioﬁ of incident light 'polarised in. the Yy
direction which remains in that state after transition
through the first SLM 140. :'_‘Anaiogous effects at the
second SLM 141 bcause. a beam 146 of _nét 'amplitude of up to
(ayy)? to pass into the zei‘o—order output from hologram
'hB. As a result of the system geometry, ‘the zero—order
beam 146 reaches output fibre £fC. Hence the effect o_f the

Y polarised light that ‘remains in this polarisation state

is to cause crosstaik in fibre f£C of maximum amplitudé
(ayy)? from the signal entering: the switch at fibre fA.
-The refﬁainder- 6f the light from hologram hA directed. to
‘holog:a‘m hB has amplitude ayy(l—ayy). This 1light will_ be
subject to the intended deflection angle introduced by
hologram hB, and will form a light beam 147. i.et the
distance in hologram units between holograms haA and hC on
-~ first, input SLM 140 be (dy,dy). What happens next depends
‘on the design of the system.. For the basic system
(microlens-free system), the beam will enter_output fibré
fC at a tilt angle. The system may be designed such that
this light (of maximum amplitude ayy(l-ayy)) 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, oy, due to this tilt is given by equation

10:
.armr =(dx2 +.dy2)ar , ' (10)
where
_ 5C2 logme
p=——=t_

-9

‘where C is the clipping parameter at the hologram, such
that Mp=C.w yo, Where m@m is the beam spot-éize at the
hologram. - . With a switch configured for maximum
, Waveléngth range, the worst-case value Of dy2 + dy¢ is
unity. To improve crosstalk suppression, aﬁyrshould be
as high as possible: thus performance is improved "by
increasing thefvalﬁe of the ratio of the spot-size to the

fibre separation.

Referring to Figure 12, a second embodiment of an optical
switch differs from that shown in ?igure 8 by disposing a
half-wave plaEe 150 between the two spatial- light
modulators 140,141. The half=wave plate.exchanges'fOr a . -

second time the x and y polarisation components so that

the residual zéro order beam 151 (of max imum amplitude ayy)

from the first SLM 140 is g’polariSed on reaching the
second SLM 141. Of this‘iight a first output bemn/152.
results from a fraction ayxx being deflected by twice the

intended deflection angle, and_there is - thus no longer
crosstalk directed precisely 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 centralvhalf—ane-plate;

Referring to Figure 13, a third embodiment of'en‘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 direction). 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 of s/2, with
a corresponding additional attenuation dependent on the

cffset.

The third embodiment 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 will be an optimum Value of this ratio to obtain

N

the overall required system performance. .

Refefriﬁg now to Figure ' 14;' in a further embodiment a
further reduction ofh 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 refiection 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 cése» the zero orders fall outside of the output
fibre array, and can be conveniently used for monitoring

purposes, for example.

Now consider the polérisation—dependent doubled'ordérs,
in a 2-D System. Let these be approaching the output
hologram at deflection angles (eqﬁation 11)3
cy Mp

A L

In the zero-order aligned system (Figure 8) the possible

and &(sinfy)= (11)

’J(Sin Ox)= clep

values of cy and ¢y are always even, while ny and ny. can

take any integer values. Hence'it is possible for doubled .

orders from the input SLM 140 to arrive at the centres of
output hoiograms, and afterWaras be focused directly, or
at a tilt, into an output fibre. 1In the.' zero-order
interleaved system (Figure 10), however, the possible
values of cx are always odd integers, while nyx. can only
take half-integer values. Hen@e the_doubled orders from

the input .SIM _, 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 increaseg_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 sefve 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 axx. In
. the absence of a central half-wave plate, there will be a
beam of maximum amplitude ax® coming out at deflection
angles (with reference to beams focused dlrectly into an
output flbre) glven by equatlon 12:
&(sinfy)= (cx —2L;;X)MP' ‘and  &(sin 91') =I‘——‘(CY —-2:}’)Mp.

The worst-case scenario is that cx=2nx, and cy=2ny. In this

(12):

case for the zero-order aligned system (Figure 11), the
beam of maximum amplitude ap® will be focused directly
down the output fibre. While for the zero—-order
interleaved system {(Figure 13), this beam will be fochsed'
Ain betweeﬁ “the output fibres, and will_ tﬁerefore be

subject to an offset loss.

In the presence of a central half-wave plate, a weak
beam, of maximum amplitude a@anq will'be'reflected as a
zero-order reflection, and will therefore come out at
deflectlon angles glven by equatlon 13: . | V
cyMp -

Firstly consider what happens in the zero-order aligned
system (Figure 11): this beam is attenuated at the output
-fibre due to the limited angular aeceptance. Either.ex or

. Cy could be zero, in which case the minimum value of the

(13)

S(sing ) =< LMP a'nda/6(sin0,r)-

"tilt loss at the output fibre is oy,

Now consider what happens in the zero-order interleaved
system (Figure 13). The worstécase is cy=0 and df=1: the
beam will be attenuated by a tilt loss of ar and also the
" above described offset loSs.'In addition, if the output
SLM is offset vertically, then the minimum value of ny is
1, in whlch case the beam will addltlonally be attenuated

by a tllt loss of 4 aT
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~order. Without a central half-wave plate, this beam will
have: a maximum- - amplitude of axx('l—a'xx)l, while in the

presence of a central- ha'lf—wave‘ plate, this beam will
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have a maximum amplitude of axx(l—ayy) . 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:

_(ex —nx)Mp (er=nr)Mp
L L

For the zerq—order aligned systém, the worst-case is for

o(sinfx )= and &(sinfy )— (14)

"either cy=ny or cy=ny, but not both. Assume that ione of
these is true. The minimum attenuétion'is when. |cx—ny | =
1 or when lcyny | =1 and so the beam will be ettenua;ed
by a tilt loss of» ar. For the zero—-order intefleaved’
system, the minimum attenuation is when |cx—nx | = 1/2 and
| cy-ny Al = 0. The minimﬁm a'ttenuation- is then 0.25ar,
added to the offset loss. If. additionally, the .output SLM
141 is offset by an odd integer number of hologram

heights, then the offset loss is doubled .from that

prev1ously deflned, and the minimum value of Jcy-ny |
becomes 1/2, so the tilt attenuation is increia-,sedlfto 0.5

Oy .

To maintain desired back reflection condltlons off-normal
1nc1dence is preferable: it is lJ.kely to occur :in any
event due to the geometrlcal constra:.nts_ 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 co.effi’cient from the mirror of the SLM becomes

polarisation-dependent, due to plasmon resonances ‘;Ai'n the
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metai mirror. The effect ié to:iné;ease the fraction bf"
light in each polarisation state that remains in that
stéte after passing back through the quarter-wave plate.
Another effect of off-normal incidence thfough‘lthé
quarter-wave plate is to change, for the worse, both the
effective thickness and also the birefringence..Hence a.
consequence of off-normal vincidenc”e is to increase the
sﬁrenéth.of the.polarisation—dgpendent crosstalk into the

zero-and-doubled orders.

Given off-normal incidence, it noﬁ becomes necessary to
choose  the plane of incidence. 1In 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 x0z plane, with a polarisation component Eoy(t) exp j

gy(t) in the'2f direction, and Egxz(t) exp J &xz(t) in the
X0z plane (in a diréction mutually orthogonal to Y and

the Poynting vector). L .

Let the light be incident at an angle Ovc to the mirrof,
as shown in Figure 15, and let the long axis of the index
ellipsoid be in the x0z plane,'at an ahgle 8, to thé‘x—
axis. A geométric method as.discuSSed previously may be
used to analyse the propagation. As before, the index
ellipse is defined by the intersection of the plané”;
perpendicular to 'the -Poynting vector wiﬁh the .index
ellipsoid. As long as the Poynting vector remains. in the
xOz plane, the light component polarised in the y
direction and travelling towafds'the mirror (Eoy(t) exp Jj
gy (t)) . experiences a refractive index n,e, that is

indépendent of the tilt anglé. This means that evéh if
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 the tilt angle is changing in the =z directibn,f the Yy
.polafiééd component still perceives a constant refractive
index. This index is also independent of the angle of
incidence. The index experienced by the orthogonal
component (Eoxz(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 0,9 to the director in
the x0z plané:‘the length . and direction of this axis is-
shown by the 1line Aﬁ on the figure. Mathematically the
index experiénced by the orthogonal éomponent (Eoxz (t) exp
J exa(t)) is given by substituting 0=8p-8;y into équation
(1)..After'reflection from'theimirror and. passing badk
‘ thfough thé quarter wave plate it isbthe component: Egy(t)
exp j E¢(t). that is polarised'in-the x0z plane., For;this
seéond pass, the major axis of the index ellipse is now‘
at an angle 6p+O;yc to the directo:‘in thekaz plane: the
length and direction of this axis is shown by‘the line AC
on the figure. Mathematically the index experienced by
the ofthogonai component (Eoxz(t) exp j &xz(t)) is given by
substituting 0=0p+01n¢c into equation (1). Hence -the phase
delays for the two cémpoheﬁts aré now“given by equations
15 and 16: |

Eoxz component:

Afoxz = Aist-pass + Abanp-pass = k{0p — Onc)d +hgd  (15).

Eoy component:

Adoy =APisT-pass + Abanp-pass =knod + kn6p +Opnc)d  (16)

Therefore the;‘.phasefmodulation now has . a: weak
polarisation dependence, which increases with the: angle
of incidence, and is given approximately (to 'second .

order) by equation'17:

o a _ .
A¢oy-A¢oxz=2k91Nc5§| _ (17)
6y, AR
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In é cell in which the tilt angle is varying (as in 7),
the polarisation dependence of the phase modulation is

given by equation 18:

6 .
abor ~ 8901z R s I ), (18)

d z_o_aa .

The rate of change of n with respect to director angle is

easily shown to be (equation 19):

3 - . ‘
6 . :
( ), {_2__17J (19) o
0"3 ng ne . ) . ’

Note that for tilt angles in the-rangé 0 to =/2, this
derivative is always négative, while for tiltvéngleS'in'
the range n/2 to =m, the derivative is alwayérpositive.
For a pi cell, the tilt angle e varies between 0 and m.
Hence the polarisation-dependent phase modulations may

partially cancel.

An important property of this plane of incidence, is that
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 perpendlcular to the Poyntlng
vector, with the index ellipsoid, if the Poynting vector
is in the x0z plane, then the minor axis. is always in the
Y direction and the majdr axis is always in the x0z plane
(and parallel of course ‘to the -x0z component .of the -
incident light). Therefore the pblérisation states of the
Y polarised and orthogonal components of  the incident
light are not changed inside the. liquid crystal,' andv
therefore proper polarisation cq@ppnént exchange should

still take place at the qﬁarter—wave'plate and mirror.
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Returning now to the polarisation-dependence, the effect
on a beam-steering dev1ce,' is to introduce a.
polarlsatlon-dependence into the amplitude (but not the
out_put angle) of each -diffraction order, v?here this
,pélarisétion—‘dependence is a function of the angle of
incidence. Now consider an NxN switch ﬁsiné ‘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 1-D SLMs, and hence 1-
dimensional beam-steering. The. tesults of this analysis
hold good for two dimensional . SLMs. Define Fourier -

coefficients ap, and by such that (equations 20 & 21):

jexpx{/m d+¢(u) -kdb,, S exp—i(zz['u)du (20)
70 Q : S

F=—0 Dlep()

= IeXpi{bzod+¢(u)+kd6mc-ﬁ }cxp—{zﬂu)du (21)

a8 Q

u=-am . Dg"(u) _
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 the: input

SLM, the y polarised component of the incident field is

diffracted into orders of amplitude by, while the
V orthogonal component 1is’ diffracted ' into orders of
amplitude ap;. For a well-designed hologram, almost all of .

the power will go into a single diffraction order. .

It is assumed that the input and output SLMs are made in
the same way. Now consider pixels in the two SLMs
applying the same nominal phase modulation {for a
nbmally incident beam), and hence hav1ng the same tilt
angle, ©p. Due to the geometry of the arrangement of SLMs
- etc, the beam enterlng the lst SLM is parallel to the -
beam leaving ‘the . second SLM, as shown in Figure 1,6. Let
there again be a half-wave pPlate between the two SLMs.
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The Yy polarised component of the ‘field incident on the
lst SLM, is polarised in the x0z plane on leaviné the 1lst
SLM, and due to-thé half-wave plate is again y -polarised
on entéring the second SLM. This component perceivés the
ordinary index np on propagation towards the mirror. Oon
propagation'away from the mirror, tﬁe index‘perceived‘is
given by an effective tilt angle of Gé&remc. Hence the
total phase delay for. this component is ‘given bY’

(equation 22):

Epy component:

Adoy = ABis—pass + AB2np-pass = kn(fp - 91Nc)_d +hmpd  (22)

Similarly, it can be shown that for the orthogonal

 polarised coﬁponent (in the x0z) plane of the beam

incident on the 1st SLM, the phase modulation at .the

.second SLM is given by (eduation 23):.

Epxz component:

Apoxz = AP\sT-pass + DPanp-pass = kriod + ’m(QD +@c)d  (23)

Atlthe seéoﬁd SLM, and assuming substantially flat SLMs,
the hologram 'is substantially complementary to that at
the first SLM. Let thelintendedAphase modulation at the
second SLM be ¢c(u), and let the director angle be Gc(u).
If at the input SLM, the hologram is designed to ﬁaximise
the output into the L’th diffraction order, then at the,
output SLM, the hologram should maximise the output into
the —L‘th diffraction ordéf. For this . output SLM

therefore, the Fourier coefficient.bJQ that - defines the

amplitude of the main diffraction order for the y

polarised component of the field incident on the 1lst SLM

is given by (equation 24):
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b,,= _" expvi kn,d + @ (u) - kd

-

ex +i(2”L")du ' (24
P =5 )

on
Mae €lgc(v)
while the Fourier coefficient for the main diffraction
order from the output SLM'fbor the orthogonal component of

the field 1nc1dent on the lst SLM is glven by - (eguation

25):
= I expi{kn;d+¢c )+ kda,mﬁi }exp+ ’(Znéu)du (25)
’ : 590 b)) c

y=—n

The overall 'holographic Switching efficiency for the Y
. polarlsed component of the field incident on the 1lst SLM. -
15 glven by (equation 26):

= b loeal’ (26)
'while the overall holographic switching efficiency for
the orthogonal,component of the field incident on the 1st

SLM is given by (equation 27):

- Thoxz =Iaulzla-1.z|z ' ‘ . (27)

Now consider the hologram patterns, -and let the local
director angle, ©6p(u) .be expressed in_ terms of some
fundamental repeating pattern, 0, (u) (equation 28):

0D(u) 9|(u)* 25(.10 "0) | _ . | (28)

J——co

Given that the intended or mean phase modulation on the
1st - SLM, ¢(u), depends on thel" local - direc'tor--': angle
(equations 1 and 7), then it must also showrperiodicity '
‘with the same period €, as must .any derivatives with
respect to ©Op(u) (equation 19). There_fere, taking into
account the effects - of off—nenﬁal incidence- .,as. in

equatiqns 20,-'21 etc, the net phase modula_tion will still
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be periodic with the same period. Hence we may define

H‘(‘u) such that (equation 29) :

expi b’od+¢(“)—kd91NC%, =H—(u)* 26(.]0—110)

an(u) J=-c0

(29)

where Up is some (arbitréry) origin. This origin affeéts
the phase, but not the magnitude, of the diffraction
orders. The magnitude of a;,i may be obtained in terms of
H(u) using Fourier series analysis (equation 30):

nlu

2{%2 2
lasil=5 [ B (w)exp-i=="d (30)
-Q/2 '
Similarly, let Oc(u) be the director angle on the 2nd
hologram, and express it in terms of another fundainenta]_

repeating pattern, 6;(u ) (equati‘on 31):

 Oc(w)=0,0 S 6(UQ-1u) - (32)

J=-c0
Therefore, using the same arguments as above, the phase'
modulation on the second 'SLM must also be periodic with

period Q, and so we may define G (u) such that (equation

32):
expid kn,d + ¢ (u) — kd6 iy =G (u) > 6(JQ-1u)
6 Oc(4) " J=—0
(32) '
where u; is another  arbitrary. origin. Hence we may

calculate the magnitude of b, (equation 33):

2 |2
lb_Lzl = 6 I ‘G"(u) exp+ i
. -Q/2 B

If we let G (u)=H (—u), and make the substitution u’=-u ,

»Q

it is clear that (equation 34):

»' Ial;d:'b_l'zl (34)
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Physically this may be achi.eiréd bj_makiqg the repeating
'pattern' Gz(u). on the second SLM equal to 8,(-u) on the
first SLM. In which case (from equation(1l)), ¢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):

ol . .
expi{ kn,d + $(u) + MG,NC% ) =H*(u)» > (JQ—~uy) (35)
Dlg,(u) } . J=—o

hence we obtain bp; (equation 36):

‘ Q/2
' IbLll_:% I H+(u)exp—i'27gud ' (36)
-2 :

Now, at the second SLM define a periodié phase modulation

G*(u), to obtain a_,; (equation 37, 38):

expi -knod+¢c(ll)+'kd9ﬂvcﬁt—l =G+(ll)* Zé’(JQ-—ul) ‘
) ) 56C dc(u) . J=-0

(37)

' Q2

2 ; .27l
la_,'2|=-5 I G* (u)exp+i -Qu
-2

(38) |

Again, as we have already chosen that (equation 39)

92(;4)=91(—u) (39)
then, automatically, ¢c(u) ='¢(-u), in which case
G*(u)=H"(-u), and therefore (equation 40)

lbz1|=la 2] - (40)

Combining (36) and (40) we may obtain (equation 41):

lazilla-z2| =b1llp- L2 )

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 tht_-:-' light incident on
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‘the first SLM, and leaving the sécond SLM, is in the

pPlane of tilt- of the director (in this case the x0z

plane), the overall switch efficiencies can become

"polarisation-independent (equation 42):

Toy =TNoxz | (42)

Note that this analysis neglects the change in beam

direction between holograms due to diffraction-induced
béam—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—dependénce of the system as a whole due to

'the'angle of incidence.

Given that the two orthogonal components ‘perceiﬁe
different phase modulation at each plane, the holograms -
must be deéigned that the worst-case unwanted diffraction
orders do not cause unacceptable crosstalk.

There have thus been described dévices and systems for
optical switching 'which are polarisation insensitive..
Embodiments of the invention as described are capable of

high performance’in respect of cross talk.
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Claims
1. - A switch comprising an integrated spatial . light-

modulator - for receiving 1light of a predetermined
wavelength, the modulétor ‘comprising a 1liquid crystal
layer spaced from a second layer by a layer having an
optical retardance of an oddrintegef number of quarter-.
waves Qf said wavelength, wherein the second layer is:

reflective of said light of said wavelength.

2. The switch of Claim 1, wherein said liquid crystal

layer is a nematic crystal layer.

3. The switch of claim 1 wherein said liquid crystal -

layer is a m-cell.

4. The switch 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 pm

7. A sQitch comprising an ihtegrated spatial light
modulator for receiving light of a predetermined:
wavelength, the modulator comprising a liquid crystal
cell having é'pair of opposed ahd mutually substantially .
parallel end plaﬁes disposed substantially parallel to ‘an
axial plane, and spaced apart by -a liquid crystal layer
providing a director angle tilt in a tilt plane
substantially orthogonal to said axial planec said liqhid

crxystal being spaced from a second layer by an optical
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layer having a retardance of an odd iﬁtegei number of
quarter—waves of said - wavelength, wherein the second
layer is reflective of said light of said wavelength, and
the optical layer being disposed with respect to said
tilt plane such that 1light polariéed in said tilt plane
returns through said 1liquid crystal layer polarised

substantially orthogonal to said tilt plane.

8. . The switch of Claim 7, wherein said liquid cryétal

layer is a nematic crystal layer.

9. .. The switch of claim 7, wherein said liquid crystal

layer is a m-cell.

10 The switch of any of claims 7-9, wherein the second

layer is a metallic layer.

11.  The switch of Claim 10 wherein the metallic layer is

- of Aluminium.

13. The switch of any preceding claim, wherein the
modulator has a glaés cover dispdsed over said liquid
cfystal layer, and the metallic layer has a connection to

driving circuitry for switching the modulator.

'14.. A method of switching a light beam having a first
component polariséd in a first direction Aand .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
tetardance,' the 1liquid crystal being responsive to a
variable drive voltage £6 provide a corresponding .
variation in director angle tilt; and further comprising:
appiying a variable drive voltage to said liquid crystal

device; applying said beam to said 1iquid_crYstél device
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to provide an intermediate beam ha"x}ing a variable phase
- delay applied to said first component and an at least:
substantlally fixed phase delay to sald second component ;
by said retardance, rotating the polarisation of said
intermediate beam; applying the resultant light to said
'liq_uid crystal device whereby a component of said
- resultant 1light polarised in said first direction
receives said variable phase delay and a component éf-
.sAaid 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 90 degrees
whereby at least substantially equal amounts of variable

phase delay 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'v's‘;vitch comprising a plurality of: input
optiéal 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
moduiator, and drive circuitry for formin'g a respective
plurality of switching holograms on each spatial light
modulator, said hoiograms being selected to couple each:
said.inpu£ optical source to a respective desired optical_
receiver, ' wherein each spatial light modulator :
incorporates a 11qu1d crystal device for modulating the
phase of 1light travelllng through said 1liquid crystal.,
device, a reflector -d'evice for returning - light back
through said liquid crystal 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 seig axis,veaeh 'said switchingvhologrem
on said first spatial light modulator being operative to
deflect said input -light"beams to said switching
holograms on said second spatial light modulator ‘and each
said switching hologram on said second spatial light
modulator being operative 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,
wherein each outpﬁt optical fibre is directed towards a-
respective 'switchiﬁg 'Hologram. oﬁ said second spatiel,

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 1light modulator is
incident on a {espective 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 modulators.

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 1light modulator is incident on a
spac1ng between two adjacent sw1tch1ng holograms on sa1d

second spatlal llght modulator.

22, - The- switch of any “of cClaims 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 and a focal
plane of a first lens of each optical system c01nc1d1ng

with the plane of the assoc1ated fibres.

23. The switch of.aﬁy of elaims 17-22 wherein the input
and output fibres are disposed in respective planes and
the optical switch further comprises respectivetarrays of
microlenses, said microlenees being disposed in front of
each fibre plane such that'eech_microlens corresponds to
a respect;ye fibre, 'aﬁd respective opticalv 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 focal: plane
of a first lens of each optical system c01nc1d1ng with
the output focal plane of the 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 mutualiy offset so that no
zero order 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, andxfurthef comprisiﬁg at.

least one optical receiving element disposed in a region
receiving said zero-order beams from said first spatial

light mbdulafor, whereby input signal may be monitored.

27.. The switch of claim 26 wherein the or each. element

is a fibre.

28. The switch of any of Claims 17 -27 wherein each
switching hologram provides a repeating pattern on its
spatiai light modulator, whereby the repeating patterns
on the two SLMs'satisfy the relation: o

0y (u) = 6y(-u)

where 63 (u) is the repeating patfern on the second SLM and

61(fu) is the repeating pattern on the first SLM, and the
aﬁgle of incidence is such that the Poynﬁing Vectér of
the input light beam incident on the first SLM, and of
the light'beamé ieaving the seéond 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

containing black pigment to attenuate misaligned light.

30. The switch of any of claims 17-29 wherein the output

fibres are secured together to form an array and the

spacing between the fibres of the array iszbccupied 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 (IDS) 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.

By JidD ) ET>
Timotiéf J. Meag\ﬁ'er——) 4
Registration No. 39,3

Telephone: (978) 341-0036
Facsimile: (978) 341-0136

Concord, MA 01742-9133
Dated: —7 / ’Lb’/ (,)’L,(
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Amendments to the Claims

Please amend Claims 3-10, 13 and 26. The Claim Listing below will replace all prior

versions of the claims in the application:

Claim Listing

1. (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.

2. (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.

3. (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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4. (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.

5. (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.

6. (Currently Amended) A method of operating an optical device according to claim 1
anyprecedingctatm, 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 1initial hologram to a group
of phase modulating elements, and correcting the initial hologram to obtain an

improved result.

7. (Currently Amended) A method of operating an optical device according to claim 1

anyprecedingctam, further comprising the step of providing sensors for detecting

temperature change, and performing said varying step in response to the outputs of

those sensors.
8. (Currently Amended) A method of operating an optical device according to claim 1

aﬁy—prcccding—cl-aim, 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
anyprecedimg—claim, wherein the phase-modulating elements are substantially
reflective, whereby emergent beams are deflected from the specular reflection

direction.

(Currently Amended) A method of operating an optical device according to claim 3
oranyclamrdependent-onctaim3 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.

(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.
(Original) An optical device according to claim 11, 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.

(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 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.

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.

(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 différent locations of said SLM and passing said

reflected light to said focussing device and then to said grating.

(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 holografn at
each group of phase-modulating elements; and

varying the delineation of the groups and/or the selection of control data.

(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.

(Original) 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
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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 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.

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

Is
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in the output, wherein each input signal may contain any desired set of the plural

wavelengths of the output.

(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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(57) Abstract: To operate an optical device comprising an SLM with a two-dimensional array of controllable phase-modulating
elements groups of individual phase-modulating elements are delineated, and control data selected from a store for each delineated
group of phase-modulating elements. The selected control data are used to generate 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 illamination of the groups by light beams,
light beams emergent from the groups are controllable independently of each other.
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CLAIMS

1. 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 é
respective hologram at each group of phase-mcdulating
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 1, wherein control of said light beams is selected
from the group comprising: control of direction, comntrol of
power, focussing, aberration compensation, sampling and

beam shaping.

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 qlaim 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.

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 elemeﬁt;

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
"to any preceding claim, further comprising the step of
storing said control data wherein the step of storing said
control data comprisesAcalculating an initial hologram
using a desired direction change of.a beam of 1light,
applying said initial hologram to a group of phase
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.

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.

9. A method of operating an optical device according
to any preceding claim, -wherein the phase-modulating
elements are substantially reflective, whereby emergent

beamg are deflected from the specular reflection direction.

10. 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.

11. An optical device comprising an SLM and a control
circuit, the SILM 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
constructéd 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 regpective hologram at each group of phase-
modulating elements, i

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 11, having
sensor devices arraﬁged to detect light emergent from the
SIM, 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 11 or 12,
having temperature responsive devices constructed and
arranged to feed signals iﬁdicative of device temperature
to caid control circuit, whereby said delineation and/ or

selection ig varied.

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 secdnd SLM being disposed to receive
emergent light from the first SILM 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 pluralAitems 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 gelected 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
gselection of control data

whereby upon illumination of gaid 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 esach respective group are controlled so that the
corresponding beams emerging from the SLM are shaped as

required.

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 to form beams at the array of phase
modulating elements, the device further comprising one ox
more optical output at réspective 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 thé or each optical output.

17. A method of filtering light comprising applying a
beam of said light to a diffraction‘grating whereby
emergihg light £rom the grating is angularly diespersed 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;

_ 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. An opticél 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.

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.

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.

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 SILM having an array of pixels, with circuitry
constructed and arrénged 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.

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.

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.

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
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
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light beams are substantially coincident with the centre of

the output waveguide.
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OPTICAL PROCESSING

Field of the invention

PCT/GB02/04011

The present invention relates to an optical device and

to a method of controlling an optical device.

More particularly but not exclusively the

relates to the general

light beams by the use of

invention

field of controlling one oOr more

electronically controlled

devices. The field of~app1ication is mainly envisaged as

being to fields in which reconfiguration betwe

outputs is likely, and stability of performanc

significant requirement.

t

Background of the invention

en inputs and

e is a

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 £

rom selected

ones of a number of input optical fibres to selected ones

of output fibres.

Optical systems are
resulting from aberrations,
misalignment. An example i

which although conceptually s

source of system failure or insertion loss due

tight alignment tolerances for optical fibres,

for single-mode optical fibres. Every time a

connector is connected,

alignment error.

Another example is an optica

gubject to performance impairments
phase distortions and component
g a multiway fibre connector,

imple can often be a critical

to the vexy
especially

fibre

it may provide a different

1 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 ingertion loss. The aberrated propagating
waves may diffract into intemsity fluctuations creating
significant unwanted coupling of light into other output
optical fibres, leading to levels of crosstalk that impede
operation. 1In 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-
meéhanics to cope with the problems associated with long

path lengths.

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 ig dynamic. In such systems the
path-dependent losses, aberrations 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

gituation.
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Other optical systems are static in terms of
input/output configuration. In such systems, effects such
as assenbly errors, manufacturing tolerances in the optics
and also changes in the system behaviour due to temperature
and aéeing, create the desirability for dynamic direction
control, aberration correction, phase distortion

compensation or misalignment compensation.

It should be noted that the features of dymnamic
direction control, phase distortion compensation and
migalignment 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 positidn of

the input beams is time-varying.

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 jindividually 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.

1t is desirable for certain applications that a method
or device for addressing these issues should be
polarisation-independent} or have low polarisation-

dependence.

siMs have been proposed for use as adaptive optical
components in the field of astronomical dévices, for
example as wavefront correctors. In this field of
activity, the constralnts 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 1nexpen51ve, and de51rably 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. Astronomlcal devices are
unlikely to need to select successive routings of light
within a system, and variations in performance may be

acceptable.
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 ofAcontrollable
phase-modulating elements, the method comprising

delineating groups of individual phase- -modulating

elements;
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selecting, f£rom stored control data, control data for

each group of pha

generating £

.respective hologr

elements; and

se-modulating elements;
rom the respective selected control data a

am at each group of phase-modulating

-

varying the delineation of the groups.and /or the

selection of cont
groups by respect
beams £rom the gr

each other.

In some embo

rol data whereby upon illumination of said
ive light beams, respective emergent light

oups are controllable independently of

diments, the variation of the delineation

and /or control data selection is in response to a signal

or signals indica

ting a non-optimal performance of the

device. In other embodiments, the variation is performed

during a set up or training phase of the device. 1In yet

other embodiments

operating signal,

" the variation is in response to an’

for example a signal giving the result of

sensing non-performance system parameters such as

temperature.

An advantage of the method of this aspect of the

invention is that

presence of effec

stable operation can be achieved in the

ts 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,

beam shaping.

aberration compensation, sampling and
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Clearly in most gituations 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) .

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 respectlve actual
holograms derived from the respective generated holograms,
wherein the controlling step comprises;

resolving the respective generated holograms modulo

2pi.

The preferred SLM uses a ligquid crystal material to
prov1de phase shift and the liquid crystal material is not
capable of large phase shifts beyond plus or minus 2 pi.
Some liquid crystal materialg 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 gegerated holograms,
determining the desired ljevel 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 continuousg
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 degired level.

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-

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
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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 fesponse to the outputs of those

sSensors.

The SLM may be integrated on & 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 SIM and a control
circuit, the SLM having a two-dimensional array of
controllable phase—modulating elementg 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
gelection of control data

whereby upon illumination of said groups by respective
light beams, respective emergent light peams 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 cén
handle many light beams simultaneously. Embodiments can be
wholly reconfigurable, for example compensating differently

for a number of routing configurations.

preferably, the optical device has sensor devices
arranged to detect light emergent from the SLM, the control
circuit being responsive to gignals from the sensors to

vary said delineation and/or said selection.

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 gelection

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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gecond SILM being disposed to receive emergent light from
the first SIM and to provide light to an output fibre
array, the first and second SLMs each having a respective
twb—dimensionalvarray of controllable phase—modulating
elements and the control circuit having a store constructed
and arrangéd 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 geﬂeraté from the
respective gelected 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
celection of control data

whereby upon illumination of said groups by respective
1light beams, respective emergent light beams from’the

groups are controllable independently'of each other.

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 SIM, and the pixels of the or each
respective group are controlled so that the corresponding
beams emerging from the SLM are shaped as required.

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 & 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
éomprising 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 invention
there isvprovided a method of filtering light comprising
applying a beam of said light to a diffraction grating
whereby emerging light f£rom 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 SIM 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 phasé—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
réspective hologram at each group of phase—modulating
elements; and i

varying the delineation of the groups and /or the

gelection of control data.

According to a still further aspect of the invention
there is provided an opt1ca1 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.

In a yet further aspect, the invention provides a test
or monitoring device comprising an SLM havihg 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 predetermlned
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 more beams 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
combrising a two dimensional SILM having an array of pixels,
with circuitry constructed and arranged to display
holograms on the pixels to route beams of different

frequency to regpective 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 processér 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—mqpotonic phase

modulation.

gome 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 6r
all on-chip circuitry may operate in parallel for each
pixel which may provide huge time advantagés; in any event
the avoidance of the need to transfer 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

controlling step comprises
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providing a population of available phase modulation
ljevels 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

chahge.

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
sero order component of said beam will re-enter the input

fibre.

The use of the wave plate and the successive'pass
architecture allows the SILM 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 informatibn-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
SILM. Routing may also be “wone-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 modulo

2pi to provide a periodic ramp.

In another embodiment the desired phase modulation

includes a non-linear component.

Preferably the method further comprises selecting,
from said array of pixels, a gub-array of pixels for

incidence by said light beam.

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 typical routing device may have
pixel arrays of between 100 x 100 and 200 x 200, and other
devices such as add/drop multiplexers ma? have arrays of
between 10 x 10 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.

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

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
gelecting 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.

preferably the step of determining the desired phase
modulation comprises calculating a direction change of a

beam of 1light.

PCT/GB02/04011
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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.

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. In
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.

The sub-array selecting step may assign a sub-array of
pixels to a beam based or the predicted path of the beam as

it approaches the SILM just prior to incidence.

TS0000684



10

15

20

25

30

WO 03/021341 PCT/GB02/04011
- - 19-

Advantageously, aftexr the sub-array is assigned using
the predicted path, it is determined whether the assignment

ig correct, and if not a different sub-array is assigned.

The assignment may need to be varied in the event of
temperature, ageing or other physical changes. The sub-
array selection is 1imited 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 controllexr 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 positioh error or manufacturing tolerance in one ox
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
diséréte 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 optimiged.

In embodiments where the method provides routing
funcfions by approximated linear modulation, adaptation of
non-linear modulation due to changes in the path taken
through the systew desirably takes place on a timescale
equivalent to that required to change the hologram routing,

i.e. of the order of milliseconds.

A control algorithm may use one or more of several

types of compensation.

L 13
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In one embodiment a look-up table is used with pre-
calcqlated ‘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.

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 5y integrating circuitry

components into the silicon backplane of the SLM.

In 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. 1In
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.

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, Ehe 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 1,
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 coﬁprises
selecting by a discrete approximation to a linear phase
modulation, a routing hologram for display by the SLM
whereby the beams may be correctly rouﬁed; 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

caﬁsing the SLM to provide the resultant hologram.
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-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 clasgs of embodimenté, light may be
selectively routed to a sensor device for ménitoring the
light in the system. The technique used may be a power
control technigque 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 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.

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

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;
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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
SIM provides correction for performance impairment due to
misalignment;

Figure 4 shows a block diagram of an adaptive
corrective SLM;

Figure 5 shows én adaptive optical system using three
SLMs;

Figure 6 shows a partiél block diagram of a routing
device With a dual function SLM and control arrangements;

v‘.Figufe 7 shows a block diagram of an SLM for
controlling the power transferred in an optical system;

Figuré g8a shows a diagram of phase change distribution

applied by a hologram for minimum attenuation;

Figure 8b shows a diagram of phase change ‘distribution

applied by a hologram enabling attenuation of the signal;

Flgure 9 shows a power control system;

Figure 10 shows a phasor diagram showing the effect of
non-linear oscillatory phase modulation applied to adjacent
pixels;

Figure 11 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 gimilar 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 16;

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 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

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

filter device; and,

a wavelength
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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 different 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
beaﬁs 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 numbexr of light beams to groups of those

. phase-modulating elements. A gignificant 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 thues 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.

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-
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 ingide the substrate positioned so as to
reflect the light passing between the pixels back out

again.

Referring to Figure 1, an integrated SLM 200 for
modulating light 201 of a selected wavelength, e.g. 1.5 um,
congists of a pixel electrode array 230 formed of
reflective aluminium. The pPixel 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 aiignment
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layer (not shown) as is known to those skilled in the art
of liquid crystal structures. Over (as shown) the liguid
crystal layer 222 are digposed in order a second alignment
layer 223, a common ITO electrode layer 224 and an upper
glass layer 225. The common electrode layexr 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 1 for clarity.

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.

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.

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 221.

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
90 degrees so that the second polarisétion componient of the
light beam is presented to the liquid crystal for being
subjected to the selected phase change on the outward péss
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 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,
EP1050775 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.

A particularly advantageous SIM uses a liquid crystal

layer configured as a pi cell.

Referring to Figure 2, an integrated SLM 10 has
processing circuitry 11 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
ciréuitry 11 includes a store holding control data which is
processed to generate holograms which are applied to the
SLM 10 for control of light incident upon the SIM 10. The
control data are selected in dependence upon the data at
the control ipput 12, and may be stored in a number of
ways, including compressed formats. The processing
circuitry 11, 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.

The first beam 1 is incident on, and processed by a
first array, or block 13 of pixe;s, 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
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separated from one another by pixels that allow for

misalignment.

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 11 determines the
parameters of the ramp depending on the required angle of
deflection of the beam 1,2. Typically the processing
circuitry 11 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 respomnse 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.

Assigning x and y co-ordinates to the elements of the
SLM, the required amount of angular shift from the speculaxr
reflection direction may be resolved into the x and v
directions. Then, the required phase ramp for the
components is calculated using standard diffraction theory,

as a “desired phase characteristic”.

This process is typically carried out in a 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 11

transforms this characteristic into one that can be

displayed by the pixels 13,14 of the SLM 10. Firstly it
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should be borne in mind that the processing circuitry 11

controlling the pixels of an SIM 10 is normally digital.

Thus there is only a discrete population of wvalues 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 11 to display a
suitable phase profile, the processing circuitry 11 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 iiquid 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 havihg
maxima and minima within the capability limits of the SIM
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 agcertained and used to provide the actual pixel
voltage. This voltage is applied to the pixel electrode

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. 1In
such systems the available phase level nearest to the value
of the desiréd 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.

“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.

The additional input 16 causes the processing
circuitry 11 to modify the holograms displayed by applying
a discrete approximation of a non-linear phase modulation
so that the SLM 10 synthesises a corrective optical element
such ag 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 6f 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.

The hologram pattern associated with any general non-
linear phase modulation exp j¢(u) = exp j(¢o(u) + G1(u) +1

¢3(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 ¢p({u) implements the routing while the

second hologram term exp.j ¢;(u) implements a corrective
function providing for example lens simulation and/or
aberration correction. The third hologram term exp j ¢a(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 oscillatofy

terms.

Different methods of implementing the combination of
thesé three terms are possible. In one embodiment the
total required phase modulation ¢o(u) + ¢(u) + ¢z (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 ¢p(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.
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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

gselected diffraction order used for routing.

By contrast, the corrective effects are realised by
non-linear phase changes ¢.(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
efféct of both linear (routing) and non-periodic phase
modulation is to change both the direétion 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 corrective hologram exp j (¢o(u)+¢;(u)) by a further
hologram exp j ¢2(u) in which ¢,(u) is non-linear and
oscillatory. Therefore the set of diffractionvorders
agssociated with the further hologram creates a richer
structure of subsidiary beams about the original routed

beam, as may be shown using the convolution theorem.

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 reconfigufable 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 ckilled in the art that the SLM may
have only a single control input and the device may have
proceésing 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 SiM. This requires
calbulating ability of circuitry of the SIM, but reduces
the data transfer rates into the SIM. In an intermediate
design the polynomial coefficients are received by a
control board that itself sends bit-wise per pixel data to
the SIM. 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 oOr 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 méy
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be overcome by finding a simple pPolynomial giving a first

~ approximation to the desired phase modulation distribution.

The coefficients of this polynomial are sent to the SIM. A
bit-wise correction is sent for each pixel requiring a
‘correction, tégether with an address identifying the
location of the pixel. When the applied distribution is

pPeriodic only the corrections for one period need be sent.

The processing Circuitry 11 may be discrete from or
integra% with the SIM, 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
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 SIM 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 SIM 21,
between two routing SLMs, or with systems using routing

devices other than the routing SLM 21.

The routing SIM 21 has operating circuitry 23
receiving routing control data at a routing control input
24, and generating at the SIM 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 axés 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
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.

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. 1In 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 dymamic 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.

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 SILMs.

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 roﬁting and carrying out other
functions (to be described in this application). 1In
between a given pair of SLMs carrying out focus correction

there is an intermediate optical system.

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 SIM
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 SIMs is to transform the incident
amplltude and phase distribution arriving at the first SLM
to the ideal amplltude and phase distribution at the second
SLM to achleve perfect (or the desired) coupllng 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 SIM 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 sSLMs.
Hence the function of the first SIM is to correct the beam
S0 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.

Two variables available at the SLM to effect
corrections from an optimal ox 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 dlsplayed 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 certaln accuracy and that the
point may vary accordlng to physical changes in the system,
for example due to temperature effectg 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. iIn 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
of the centre of the block. Then if the "in-ugen results
dev1ate 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

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 dellneated block ig

not fixed.

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. ‘

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
movement out of alignment, is to change one normal linear-
type routing hologram for another, or to adjust the present
hologram 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
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 SIM or a

suitable variation of the existing hologram carried out.

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 paséing
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.

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 degired corrective

profile is the conjﬁgate phase of the phase distortion.

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.

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.

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. 1In this case the SIM scans the processed
beam over a detector or routes the beam, for ekample using

one or more dummy holograms, into a monitor fibre.

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 témperature sensors 123. 1In 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.

This technique may also be applied to an SIM 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 gecond and third SIMs 33 and 34, disposed
downstream of the corrective SIM 30. The second SLM 33 is
intended to route light to particular pixel groups 15, 16
of the third SIM 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. 1In anotger, the pixel-
electrode of selected pixels is replaced by a silicon

photodetector or germanium sensor structure.
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
bécause there is no need to read information off-chip for
processing, and also because calculations may be able to be

performed 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 control algorithm to enable it to control the
operating circuitry 31 to make changes of, or adjustments
to, the compensating holograms displayed on the corrective
SIM 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.

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.

In one embocdiment, in the training stage, a set of
initial starting values is read in for applicatibn 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
notéd, 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
placed to receive the zero-order reflections from the
SIM(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
gpecular reflection from the light beam representing that
channel. Where there are two SLMs as in some routing
gystems, the specular reflections from each SLM may be

gensed and compared.

Referring now to Figure 6, a dual-function SLM 40
provides both routing and correction. The SLM 40 has
opérating circuitry 41 and processing circuitry 42. The
operating circuitry 41 receives routing data at 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.

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

1
through the system.

In another embodiment the system is trained before
first being operated, using changes of, or to the
compensating holbgrams to learn how changing the
compensating holograms affects the system performance, the

resulting data being held in the memory 43.

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.
Tn some embodiments sensors 47 are provided for sensing
light at areas of the SIM, and in others the sensors 48 may
instead or also be remote from the SIM 40 to sense the

effects of changes on the holograms at the SLM 40.

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 SILM. 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.

. The processing ciréuitry 82 calculates the ideal .
linear phase ramp to route the beams, on the basis of the
routing control input 83 and resoives 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 intc the m'th
diffraction order with a grating period Q the ideal phase
at position u on the SLM 81 is 2pi.mu/Q. Therefore,
approximately, the phase goes linearly from zero up to 2pi
over a distance Q/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 controlrmay be combined with éémpling or
monitoring channels to allow adjustment of the power levels
to a common power level (channel equalisation) or to some

desired wavelength characteristic.

Deliberate changes to the value of Q 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 degired attenuation of the
optical channel in the system, process1ng circuitry 85
responds to an attenuation control input 84 to modify the
operatlon 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.

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 1, determined on the
basis of the desired attenuation. The coefficient is
apblied 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.

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 1eﬁgth 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 incfease of attenuation. The éroblem can be
overcome by use of a complex iterative design. This could
be uéed to suppress the higher orders but makes the routing

control more expensive.

Referring now to Figure 9, a system 99 includes an SIM
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 reépect to Figure 7. 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 qf data each allowing the
creation of a respective poWef 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 1b, 2b beams, guch that the main
beams 1la, 2a are routed through the system and the or each
subsidiary beam(s) 1b, 2b is/ are diffracted out of the

system, for example to a non-reflective absorber 97.

The processing circuitry 93 applies the power

contfolling 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.

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. .

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 10, while the imaginary part
oscillates between % sin ¢. It can be shown using Fourier
theory that the net effect ig 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 #A/2p with respect to the original
routed beam, where A 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 10 logi, cos’p. Hence, in this way. polarisation—
independent phase modulation may be used to create an
effect eguivalent 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 ¢.

1t 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.

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 all other desired effects including
resolution modulo 2 pi and approximation to the nearest
available phase level. 1In 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 6f
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 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 wa&elength~dependent losses

is useful and important.

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.

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. These riﬁples
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.

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 itgelf

TS0000722



10

15

20

25

30

WO 03/021341 PCT/GB02/04011
-57-

as a discontinuity in the beam amplitude at the edges of

the device

Referring to Figure 11, 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
associlated 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 aqd/or

power control and/or sampling, as required.

The blocks 103a, 104a at the input SLM 100 each .
receive a beam from an associated input fibre 3,4 while the
blocks 103b, 104b at the output'SLM 101 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 c¢lips 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 SIM 101. “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 sgkilled in the art that these effects
will be present on blocks other than-those adjacent to the
“correct” blécks; 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 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 sharplchange 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.

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 crogstalk.

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 éhaping'or tapodisation’ 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 fesponse 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 aé 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.

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 ig likely to be very

gensitive 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. 1In the
present context the ideal case of ‘smoothly’ is that the
channel frequency fesponée 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, assumiﬁg £ 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 Pourier Transform of the field leaving the input
fibre. 1In particular, different spatial frequencies in the
fibre mode land on different parts of the SILM. 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 n® time derivative of a function can be expressed
in terms of its Fourier Transform as shown in equation (1):

£E0 - I( 24f ) G(f Jexpi2afi df W
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
(27) <

Choosing the zeroth derivative provides the expression

G(f) = Idng()exp—iZJﬁdt . (2)

in equation (3):

G()= c}g(t) exp—i2aft 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 £, and the fibre array to

be in the other focal plane:
i 2z
Eep(x,3) =—f-_zexp(—-z—;z—(2f + nt)) HES,_M (u v)expz—(xu +yv)dudv  (4)

such that the output field (see equation (4)) is a 2-D
Fourier Transform of the field at the SLM, Esmx. 1In this
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result t is the lens thickness and N its refractive index,

while A is the optical wavelength.

For the present purposes the 1-D eguivalent is
5 considered (relation 5):

Epp(x) =-fl;,z—e){p(—i—2:zf—r—(2f +nt)) IESLM (u)expi-z—zf—(xu)du (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

10 equivalent to the freguency 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): '

E(x)= }izexp(—i%zz(2f+ nt))(—z—%x—) J‘zn—Ed%f—(u—)expi%(xu)du (6)

15 Let the kP derivative of Egwu(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):

ii—k-%‘i——;”:—(u—)=0 Yuiu<—4
=g u=—4&
=s(u)+g” ~L<u<k (7)
=g u=+4
- =0 u>4
20 This representation assumes Egum 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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Thie derivative may be expressed as the sum of a rect

function and a smoothly varying function, s{u), that is

zero at and outside |ul=H/2, as shown in equation (8):

k
5 -‘1—%‘11:‘—”;(—1‘2 = gHrect(-I%-) + s(u) (8)

For example consider a clipped
the zeroth derivative (k=0) may be expressed

(and unapodised)

Gaussian beam;

as shown in equations (9) and (10) :

2 2
s(u) = pr—[ z ) - exp—( H J V| < "
DyoL 20401 2 (9)
=0 Vlu‘ = Ec ' '
. 2 .
7Y |
10 g,,=exp—( J ©(10)
2wpy0,

Now returning to the general case (equation{(8)) the

k+1tP derivative is calculated to be as shown in equation

{11) :
d"™MEg, W) _ 5( H) HY| | ds(u) '
15 P =gyq0lu+ > u-= + T (11)

It is now convenient to calculate the output field.

Set n=k+1 in (6) to obtain ecquation (12):

gx r'].(é'(u + H[2)- 8(u—H/[2))exp— j2mudu
Eppp(x) et '

, k+1 «
(]27Dc) L+ j—d—%)exp— J2meu du

(12)

20 which becomes equaticn (13):

[ H

7,
J8uy sin(zsz)+ Id;(u)exp~j2mudu (13)
. x du

2

1
EFIB (x) o« Uz—ﬂx—)ﬂl—lz
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As the position is increased, thé exponential term in
the 2™ integral of (13) oédiiiates more and more rapidly.
Eventually the spatiai 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, OT 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 (BEprs) decays as 1/x. Now, 1f the
amplitude and the first derivative are continuous, it 1is
the second derlvatlve that changes discontinuously, and so
k=2 and the spectrum (Eps) decays as 1/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 fipples is now

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, oOr 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.

Hence, at the right-hand edge, describe the beam as in

’

equation (14) :
Ffr(u) = £f(0) — £(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)
should be valid:

F(H/4)=fr(H/4) (15)

From which there is obtained equation (16):

f(H/4)+f (-H/4)= £(0) "~ (16)

Now consi'der the derivatives at the joining point.

The n™ derivative of the right-hand edge function is given

by equation (17):
dnfRH _ dﬂf
du” | du”

Hence at the joining point condition (18) is valid:

d"fRHEDGE\ =_d"f
du” u=H14 du’

(17)

u=U~HI2

(18)

u=—H14
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In order to avoid the creation of high frequency

Hence it is

effects (crosstalk tails) by the joining point all

derivatives are desirably continuous here.

required that condition {(19) should be true:

d*f
du®

d'f
19
o (19)

u=H {4 u=—2H514
<

To find out whether this is possible, expand the
function £ in a Taylor series about x=0 to obtain equation

(20):
10 f=fGD+aﬂ+agﬂ+aﬂ3+aﬁ4+aw5+a¢6+ .......... (20)
The first derivative is given by equation (21):
d _ 2 3 2 4 3
E;-m+—aﬂ+ au” +4au +....... (21)
15 The required condition (19) for the first derivative
so that all

(n=1) can be obtained provided f is even in x,
the odd coefficients {a:,as..} in (20) and (21) are zero.
This makes the first derivative continuous at the joining

Furthermore if f is an even fuhction then

point.
20 f(H/4)=f(-H/4) in which case (16) becomes (22):
fH[4)=$1(0) (22)
Given that £ is now an even function, the second
derivative of f is given by equation (23):
2
25 %$2a2 +12a,u° +....... (23)
U

Returning to the required condition in (19) it is
Hence the

clear that it cannot be gatisfied for n=2.
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second derivative is discontinuous at the joining point

u=H/4.

The left-hand edge is given by eguation (24)
Fuo(u) = £(0)—£(urH/2)  (24)

civen that £ is even, the overall functiomn has odd

symmetry in each half plane about x = * H/4.

To work out what happens at u= +H/2, expand fry and fin

in Taylor series, as shown in eguations 25 and 26:

fRH=a2(u—%—)2+a4(u——’{-)4+d6(u—f1L)6+ .......... (25)
fu,=a1(u+%)z+a4(u+iz-’—)"+a6(u+—’—2’-)°+ .......... (26)

The function and its first derivative are both zero at
u= ¥H, but the second derivative has the wvalue 2a2 Outside
of the range [-%H, y¥H] the beam drops to zero. Hence the
second defivative is discontinuous at poth 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
u, and that gecondly its amplitude at the position u=H/4
chould be half the amplitude at u=0. 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 fru(u)= £(0)-f(u- -H/2)
while‘in the region between u=-H/2 and u=fH/4 the shape of
the.beam should be given by fru(ul}= £(0)—f (u+H/2) .. 1In

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:

fw)= exp—(—’f————“m(z)) (27)

HJ4

1f the original beam catisfies 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.

Tn some systems there may be a reguirement 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 diametex
(or has reduced diameter variation) as the hole is

progressively bored.

In order to proaden the far field, the near field (at
the SIM) needs to be made narrower. This may be
implemented by applying shaping to the central portion of
the beam so that its full width hglf 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 holoéram. 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 SILM)
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 right 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,
which may be made polarisation-independent. This may be
achieved by recognising that a phase modulétion exp j ¢(u),
where j is the complex operator, is eqﬁivalent 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

ogcillating.
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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 peam-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. Therefore'the-beam component shaped by
sin