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This dissertation consists of six sections, summarised below:

Introduction: This chapter provides an overview of the major concepts and technologies in
current optical telecommunications research, such as wavelength division multiplexing
(WDM), optical time domain multiplexing (OTDM), and erbium-doped fibre amplifiers
(EDFAs), the support and development of which has acted as the major motivation behind
this Ph.D. The current competing technologies for tunable filters and lasers are reviewed,
followed by an introduction to the use of holography in optical telecommunications.

Ferroelectric Liquid Crystal Spatial Light Modulators: An introduction to spatial light
modulators (SLMs) is given, followed by an analysis of how the ferroelectric liquid crystal
(FLC) material properties, such as the switching angle, affect the diffraction efficiency of a
FLC SLM. Original analysis of the phase modulation properties of FLC with respect to
circularly polarised light is given, followed by a method to double the allowable phase
modulation using a quarter-wave plate and mirror, while maintaining polarisation
insensitivity. A characterisation of the FLC SLM used in the experiments within this
dissertation is also presented.

Binary-Phase Hologram Analysis: Original theoretical analysis of the performance of large
1-dimensional binary-phase holograms is presented. Expressions are derived for the expected
diffraction efficiency (~36.5%) and minimum signal-to-noise ratios (>N/2p) for binary-phase
holograms with N pixels, fanning out to p uniform spots of light. These results can be used
for system design, since they allow the expected power budget and noise performance of the
system to be calculated. The results are equally applicable to binary-phase holograms used in
beam-steering and spatial fanning out of monochromatic light.

Tunable Wavelength Filter: Results from a polarisation-insensitive, high resolution and
digital holographic filter are presented. The filter was tunable over 82.4nm in steps of 1.3nm,
with the filter 3dB passband being 2nm. The filter exhibited an insertion loss of 22.8dB.
Simultaneous multiple wavelength filtering is also demonstrated. The design of low loss and
high resolution holographic tunable wavelength filters is discussed, and minimum system
sizes calculated for a filter resolution of 0.8nm. A filter insertion loss of 6.5dB should also be
possible. An analysis of the chirp imparted onto a signal passing through a holographic
wavelength filter is given.

Tunable Fibre Laser: Results are presented of a tunable erbium-doped fibre laser, tuned
using the holographic wavelength filter. Tuning over 38.5nm in steps of 1.3nm with output
powers of up to -13dBm has been achieved. The inherent laser linewidth was measured to be
of the order of 3kHz, and the wavelength stability was of the order of 0.lnm.
Multiwavelength lasing action has also been demonstrated.

Conclusions: Conclusions are drawn from the results of the experimental holographic
wavelength filter described in this dissertation, and the requirements for improved tunable
filters discussed. The use of holographic wavelength filtering for dynamic EDFA gain
equalisation is proposed (with preliminary results presented in Appendix B.) Future work
and ideas are presented as to how a compact, low-loss, polarisation-insensitive and high
speed (~nanosecond switching time) wavelength filter and space-wavelength switch for
WDM might be realised.

Keywords: Ferroelectric liquid crystal (FLC), spatial light modulator (SLM), WDM,
computer generated hologram (CGH), digital holographic wavelength filter, phase
modulation, tunable laser, EDFA gain equalisation
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Chapter 1

Introduction

We are presently experiencing the dawn of a new age in our society - the Age of Infor-
mation. The ability of people to have easy access to huge quantities of information and
data has never been greater. The advent of the Information Superhighway mostly in the
form of the World Wide Web and the Internet has even occurred during the relatively short
period of this Ph.D. Digitalisation, a global fibre-optical network incorporating all optical
amplifiers, ever faster and more powerful personal computers have underpinned this trans-
formation in the way we live. A whole host of technologies have been brought together to
make this revolution possible. But human nature dictates that the technology must always
be improved. The Internet is all ready too slow; people want to receive on-line photographic
quality pictures, CD quality sound and real-time high definition video into their PCs, others
want to perform intensive distributed computing over the Net and still others are using it for
real-time virtual reality applications. If the revolution is not to falter, then ever higher data
bandwidths must be made available to individual users. New technologies, concepts and
ideas need to be discovered and developed so as to support these demands. This dissertation
describes a new technology, holographic wavelength filtering, which may be a contributing

factor to the continued advance and success of optical telecommunications.

1.1 Wavelength Division Multiplexing

Telecommunications is currently undergoing yet another revolution. From the middle of
the last century, when the digital electrical telegraph could send transatlantic messages
at a data rate of about 1b/s (10° b/s), to the analogue Mb/s (10° b/s) links of a cen-
tury later, through to the digital optical links, capable of transmitting Th/s (10'* b/s)
by the turn of the millennium, telecommunications has developed at an exponential rate.
The major telecommunications technological advance in recent years, enabling Th/s data
rates, has been the erbium-doped fibre amplifier (EDFA) [1] for passive broadband op- .

tical amplification, This development has opened up the possibility of almost limitless |
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CHAPTER 1. INTRODUCTION 1.2. TECHNOLOGIES FOR WDM

bandwidth data pipes, and enabled the use of wavelength division multiplexing (WDM)
to supply that bandwidth[2], or to allow new optically transparent network architectures
such as wavelength-routed networks[3]. The huge impact of this new technology on all
levels of optical telecommunications was immediately apparent[4], and has been rapidly
developed, so that within 10 years EDFAs are already to be found in significant com-
mercial telecommunications systems, such as the 2.5Gb/s optically amplified submarine
transatlantic network TAT-12/13 [5]. A single-mode (SM) optical fibre, due to the mate-
rial properties of glass, has a number of wavelength ‘windows’ where low attenuation and
dispersion at those wavelengths make them suitable for telecommunications use. The win-
dow at the 1.3pm wavelength is currently widely used, since it has zero dispersion and an
attenuation of 0.35dB/km. However, another window at a central wavelength of 1.55um is
becoming increasingly popular, since although it has a dispersion of about 12ps nm™'km™!
with an attenuation of only 0.2dB/km, it has a useful bandwidth of about 40nm at which
the optical gain of the EDFA can compensate the fibre attenuation. This corresponds in
the frequency domain to an available bandwidth of about 5THz. No single source can be
currently, or is expected to be data-modulated much faster than 100Gb/s [6], so that most
of the bandwidth is currently unused. At present there are two competing technologies
being developed to enable that available bandwidth to be used most effectively. The first
one, as mentioned before, is WDM which uses multiple carrier wavelengths on which to
modulate the data in parallel. The second technology is optical time division multiplexing
(OTDM) where very short (often less than 1ps) soliton pulses are produced by a source
with a relatively ‘low’ repetition frequency (typically 40GHz). The outputs from multiple
soliton sources, each temporally slightly out of phase with respect to the other, can then be
interleaved onto a single fibre to give a very high bit rate. The OTDM technology is less
well developed than WDM, and the highest data rate using OTDM is currently still only
40Gb/s over 560km of SM fibre[7]. The first WDM Terabit/second data transmissions down
a single SM optical fibre have recently been reported[8][9] where 1.1Th/s (55 wavelengths
x 20Gb/s) was transmitted over 160km of standard single-mode fibre. It can be expected
that hybrid WDM/OTDM systems will form the basis of future long-haul high-capacity

optical telecommunications networks.

1.2 Technologies for WDM

The main thrust of this Ph.D. has been the development of a new generic technology, which
can serve to underpin many of the diverse functional components required in a WDM
telecommunications network. These WDM components, all of whose functionality requires
a tunable wavelength filter in some form, include tunable sources and receivers, recon-

figurable optical amplifiers, space-wavelength switches and routers, as well as wavelength
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CHAPTER 1. INTRODUCTION 1.2. TECHNOLOGIES FOR WDM

converters. An ideal tunable wavelength filter would have a rectangular passband of width
0.8nm with greater than 35dB sideband suppression[10], a continuous and large tunable
range across the erbium window, multiple wavelength tuning capability, fast tuning speed
(measured in nanoseconds), low loss, optical transparency with polarisation insensitivity,
low power consumption, compactness and reliability. Many competing technologies have
been developed to provide tunable filters fulfilling some, but not all, of these requirements.
It is hoped that dynamic holographic filtering will ultimately satisfy these demands. The

most significant of the current technologies are outlined below.

1.2.1 Acousto-optic Tunable Filter

The technology which has aroused the greatest interest to date has been the acousto-
optic tunable filter. Its distinguishing feature (like that of holographic filtering) is mul-
tiple wavelength operation[11]. The first polarisation sensitive wavelength filter using
polarisation-mode-coupling to enable tuning was an electro-optic device[12], quickly fol-
lowed by the acousto-optic equivalent[13]. The acousto-optic version was developed in
favour of the electro-optic filter, since only it had the capability of multiple wavelength
operation. Polarisation-insensitive wavelength filters soon appeared[14][15][16][17]. Typ-
ical filter 3dB passbands of between 1nm to 3nm have been achieved over a couple of
hundred nanometres tuning range[18][19]. Insertion losses of the order of 3dB have also
been achieved[20]. Acousto-optic filters with near rectangular passbands have also been
demonstrated[21][22]. Acousto-optic filters have been used to flatten the gain spectrum of
an EDFA [23], while a combined wavelength filter with gain using Er-doped LiNbOj has
also been reported[24]. Actual multiple wavelength operation of an acousto-optic filter has
also been demonstrated[25] using 4 wavelengths spaced by 4nm, as has multiwavelength
add-drop multiplexing[26], but this is where the limits of the technology begin to become
apparent. Acousto-optic filters suffer from high levels of crosstalk[27] and noise from a large

variety of inherent sources:
e imperfect polarisation splitting
e interaction between the different RF surface acoustic waves (SAWs)
e frequency shift of signal and time-dependent signal modulation due to RF wave
e high sidelobes outside the passband

The typical inter channel crosstalk is about -15dB, which is increased to -9dB when multiple
( e.g. four) wavelengths are being filtered[28]. The high sidelobes of the AOTF are due to
the sinc? shape of the passband. A technique using tapered acoustic directional couplers
has been developed to reduce the sidelobes, but the suppression is still only at best 15.5dB

[20]. Other problems are the minimum 11dBm of power required for each RF SAW to
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switch a channel[25], which limits the number of wavelengths which can be simultaneously
tuned, before the device overheats. The LiNbO3 substrate, which must be of a high purity,
also requires very highly controlled fabrication, so that the birefringence tolerance is of the
order of 107 over its entire length[27]. The passband width is inversely proportional to
the device length, and achieving sufficient birefringence control over a length greater than
20mm is difficult, so limiting the resolution to between 1-2nm. Indeed very recent work
suggests that AOTFs for use in wavelength routing switches will only work with channel
separations 2-4nm [29][30]. This could be reduced down to 1.6nm by space and wavelength
dilation[31][32], but at the expense of greater component count and multi-stage switch
architectures. Dilated switching architectures have achieved crosstalks of about -30dB [28].
The switching speed of these devices is limited by the velocity of the acoustic wave across

the surface of the LiNbOj3 substrate to about 10us [33].

1.2.2 Fibre Fabry-Perot Etalon

Fibre Fabry-Perot (FFP) etalons are attractive since they offer very high resolution wave-
length filtering over relatively large ranges, in a low loss, low power, compact and cheap
device. They can only filter one wavelength at a time. Early devices used the piezoelectric
effect to mechanically alter the cavity width and achieve tuning[34]. However, piezoelec-
trically controlled FFPs tend to have a slow switching time, measured in milliseconds.
Rather than physically move apart the reflecting faces of the etalon to achieve tuning, the
preferred option now is to use birefringent liquid crystal (LC) to electro-optically change
the optical cavity width[35][36]. Unfortunately LC in the cavity tends to make the filter
polarisation sensitive, although various schemes have been adopted to attain polarisation
diversity[37][38]. These polarisation insensitive LC-FFP filters have a 3dB passband of
0.4-0.6nm and a tuning range of 50-70nm, so completely covering the erbium window, and
insertion losses of about 3dB. Tuning speeds of LC-FFPs are generally also in the millisec-
ond range, but less than 10us has been achieved[39], although at the expense of tuning
range and with polarisation sensitivity. A compound wavelength filter consisting of a FFP
in series with an AOTF has also been reported with a tuning range of 130nm, and a 3dB
passband of only 0.5A [40].

1.2.3 Semiconductor Filters

Semiconductor wavelength filters can be compactly integrated with a photodiode or used to
couple the filtered signal directly into a SM fibre. They have the advantages of small size,
low power and compatibility with other optoelectronic devices, but tend to be polarisation
sensitive and will only filter one wavelength at a time. A grating assisted vertical coupling
filter fabricated out of InGaAsP/InP tunable over 37nm and with a 3dB passband of 5.5nm

has been reported[41]. A filter with reduced polarisation sensitivity has also been reported,
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with a theoretical tuning range of 110nm and 3dB passband of 1.25nm [42].

1.2.4 Mechanical Systems

High resolution wavelength filtering by means of a diffraction grating and a spatial filter
is a standard technique. Tuning is achieved by mechanically rotating the grating, but
this tends to be relatively slow and is also more prone to failure. However, high quality
filtering is attained (one wavelength at a time), with low crosstalk. A space and wavelength
switch has been demonstrated using a rotatable grating with 2 axes of rotation[43]. It
has a 3dB passband of 2.5nm, crosstalk of better than -30dB, less than 3dB insertion loss
and a tuning time of 4ms. A tunable wavelength wavelength filter employing a rotating
interference filter has been demonstrated[44]. It has a bandwidth of 0.5nm, a tuning range
of 30nm, switching time of 2.5ms and less than -30dB crosstalk. It has an insertion loss of

2.5dB, but is polarisation sensitive.

1.2.5 Emerging Technologies

Lithium niobate is best known in AOTFs to achieve wavelength switching, but another
technique has been developed using it to achieve switching. Switching between the cross
and bar branches of a LiNbOj directional coupler can be made to depend on the input
intensity of the incoming light. A switching ratio of 1:5 and throughput of 80% has been
reported[45]. Wavelength filtering using passive antiresonant reflecting optical wavegnide
(ARROW) couplers has been reported with a 3dB bandpass of 4nm [46] and an arrayed
waveguide grating has achieved a 3dB passband of 0.3nm [47]. A combination of the two

techniques in the future may allow passive self-routing or self-wavelength filtering.

1.3 Tunable Lasers for WDM

Tunable lasers find uses in many areas, apart from telecommunications, such as sensing,
spectroscopy and general scientific research. A good tunable laser will have a large tuning
range, fine tunability, stable lasing wavelength and perhaps has the flexibility of simultane-
ous multiple wavelength lasing. Other important attributes of a tunable laser are its output
power, linewidth, sidemode suppression, modulation capability, speed of tuning, reliability,
size and cost. All of these characteristics when taken together ultimately decide the type of
tunable laser best suited to a particular task. As in the case of the tunable wavelength filters,
there are many competing tunable laser technologies, all offering an optimum combination
of these features. Semiconductor lasers currently form the main technology offering tunable
sources for telecommunications, but rare-earth-doped fibre lasers are now also emerging as

strong competitors in this important area.
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1.3.1 Tunable Fibre Lasers

The main features of fibre lasers are their very narrow linewidths and very closely-spaced
longitudinal cavity modes, enabling almost continuous tuning, which is due to their rela-
tively long cavity lengths. High output powers and a broad tuning range are also possible
with fibre lasers. This makes them ideal for many applications in WDM systems, such
as stable tunable sources, modelocked sources for solitons and local oscillators in coherent
detection schemes. Fibre lasers have the additional advantages that they can be pumped
with efficient and compact laser diodes, and are compatible with fibre optic components,

leading to low coupling losses within telecommunications systems.

1.3.2 External Cavity Tunable Fibre Lasers

There are a many different schemes to make tunable fibre lasers, but they can be basically
divided up into external cavity free-space architectures and intra-cavity mechanisms. The
intra-cavity fibre lasers have the slight advantage of a greater intrinsic mechanical stabil-
ity. The first tunable fibre lasers and erbium-doped fibre lasers (EDFLs) employed external
rotatable gratings in a Littrow configuration[48][49]. Early EDFLs had a bidirectional archi-
tecture, with the light passing up and down the erbium-doped fibre, but this caused standing
waves and spatial hole burning with resulting multi longitudinal-moded behaviour. Most
EDFLs now adopt a unidirectional ring structure which avoids the problem and ensures
only one lasing longitudinal-mode. Continuous tuning ranges of 43nm have been achieved,
with very narrow linewidths of less than 7TkHz [50][51]. Further developments using an ex-
ternal grating have resulted in tunable polarised lasers[52] and a tunable praesidium-doped
fibre laser centred on 1048nm and tunable over 86nm [53]. Tunable EDFLs using a ro-
tating optical bandpass filter have also been demonstrated[54] and used to yield a 47nm
tunable modelocked EDFL giving pulses of 20-30ps duration[55]. A mechanical solution
for tuning an EDFL is however undesirable since it is likely to be less reliable, so further
schemes have been developed which use electro-optic, piezoelectric or acousto-optic prop-
erties to effect tuning. Acousto-optic modulators (AOMs) operate in a similar manner to
gratings by using radio frequency (RF) acoustic waves to set up a standing wave in LiNbO3
to diffract the light through an angle. They are attractive since they are potentially low
loss, electrically controlled, high speed and also offer the possibility of multi-wavelength
operation. But they are prone to polarisation sensitivity, high cross-talk and are expensive.
The first AOM tuned EDFLs were polarisation dependent, suffered from high cross-talk
(causing multimoded behaviour), high loss which caused discontinuous tuning across the
erbium gain spectrum and experienced linewidth broadening due to the action of the AOM
[56]. Subsequent developments have reduced the losses to achieve 40nm continuous tuning,

narrow line widths of less than 10kHz, single moded behaviour but still with polarisation
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sensitivity[57]. A polarisation diverse AOM tuned EDFL has been reported[58] employing
a linear architecture (causing multiple modes to appear), as has one with tuning speeds
of 20us [59]. A tunable modelocked EDFL giving 30ps pulses has also been demonstrated
using an AOM tunable filter[60]. Other bulk device tuning elements such as piezoelectric
polarisation-insensitive Fabry-Perot etalons have been employed within a fibre ring cavity to
achieve lasing over a range of 61nm [61] and 44nm [62]. Birefringent liquid-crystal etalons
which are polarisation-sensitive have also been used within an EDFL, to provide tuning
over a range of 45nm [63], and with lasing over 17nm reported in a neodymium-doped fibre
laser[64].

1.3.3 Internal Cavity Tunable Fibre Lasers

Intracavity tuning solutions have also been widely investigated, using distributed Bragg
reflector (DBR) gratings holographically written into the fibre core with ultra-violet (UV)
light[65] to tune the EDFL to a particular wavelength. Mechanically stressing the fibre
grating changes its spatial period and tunes the EDFL to another wavelength. The first
DBR fibre laser used neodymium-doped fibre[66], closely followed by a non-tunable DBR
EDFL employing a fibre grating to define the lasing wavelength which successfully achieved
single moded behaviour[67]. Stretching the fibre grating achieved tuning over the limited
range of 0.7nm [68] while compressing the grating has allowed lasing over a range of 32nm
[69]. Mismatched sampled fibre gratings have allowed discontinuous tuning over 16.7nm
[70]. A modelocked (using a semiconductor active filter) tunable DBR EDFL has also
been reported giving 6nm tuning and 38ps pulses[71]. Intracavity fibre gratings can also
be designed to select multiple wavelengths such that a dual frequency EDFL lasing at two
wavelengths separated by 0.56nm and tunable over 1.3nm has been reported[72]. Single-
frequency distributed feedback (DFB) erbium-doped fibres have also been developed for use
as very stable reference sources[73][74].

Other techniques include the use of a 2-segment EDFL employing 2 dissimilar and
separately pumped EDFAs, while keeping the total pump power constant. The pump
power in each EDFA is independently adjusted to change the position of the gain profile
maximum and hence the lasing wavelength to tune over 8nm [75]. A tuning range of 4nm
has also been achieved by simply varying the pump power to a single-amplifier EDFL [76].
However, this suffers the obvious drawback of non-uniform output powers with changing
wavelength.

Another optical-fibre property such as the fibre birefringence has also been exploited to
tune an EDFL by up to 33nm [77]. An electro-optic reflection Mach-Zehnder interferometer
has been inserted into the cavity of an EDFL and successfully tuned over a range of 39nm

[78]. This method has the potential for high speed tuning. A LiNbOj overlay fibre bandpass

filter has been used to tune an EDFL over 25nm [79], but it is multimoded and relies on
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index-matching oils of different refractive indices and so cannot be described as an electrical
system, although electro-optic index changing is a possibility.

Simultaneous co-lasing of an EDFL has been investigated and several results reported.
A six channel co-lasing EDFL with channel spacing 4.8nm using a bulk grating WDM
multiplexer has been demonstrated[80]. As already mentioned, a dual frequency DBR EDFL
has been developed|72]. Spatial mode beating via the insertion of a section of multimode-

fibre into the fibre ring has resulted in multiwavelength operation of an EDFL [81].

1.3.4 Semiconductor Tunable Lasers

The main ftechnology to supply tunable lasers for telecommunications applications is cur-
rently semiconductor laser diodes. Semiconductor lasers have the chief advantages over
fibre lasers of size, direct modulation capability and tuning speed. They can also be easily
integrated into photonic (optoelectronic) integrated circuits, OEICs. Their disadvantages
are their relatively large linewidths and lower output powers. The two main tuning mech-
anisms use thermal and electronic effects. Lasers using thermal tuning typically have a
tuning speed measured in microseconds, and tunability of about 0.1nm/°C. This provides
a fairly limited continuous tuning range, with 7nm being a typical range[82].
Semiconductor lasers which use electronic tuning offer a much greater tuning range,
albeit often discontinuous, and tuning speeds measured in nanoseconds. They operate by
injecting charge carriers (electrons) into the semiconductor which changes the refractive
index of the material, and hence the optical path length. The simplest type of tunable
laser is the uninterrupted-grating distributed Bragg reflector (DBR) which has a tuning
range of only about 10nm [83]. More complicated devices such as the sampled grating
DBR laser[84] have been tuned over 62nm, in discontinuous steps of ~10nm intervals(85].
A development of the sampled grating DBR is the superstructure grating (SSG) DBR laser
which has a discontinuous tuning range of up to 86nm, in steps of again ~10nm [86].
Quasi-continuous tuning using a super-structure grating (SSG) DBR laser over 34nm has
also been demonstrated[87]. A three-section sampled grating DBR laser has been designed
and tuned over a range of 30nm [83]. Even more complicated devices such as the monolithic
interferometric Y laser with a continuous tuning range of 51nm has been demonstrated[88],
while the forward-reverse coupled laser has the potential of discontinuous tuning over as
much as 100nm [89]. With all these semiconductor devices, there is the trade off between

complexity and tuning range.

1.4 Holography in Telecommunications

Holography for use in telecommunications to facilitate optical fibre-to-fibre switching and

interconnection is still a relatively recent development, but is increasingly attracting at-
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tention because of the features it has to offer: optical transparency, low crosstalk[90],
polarisation insensitivity[91], efficient use of available light and potential low loss, good
wavelength insensitivity, and potential switching speeds of down to 2us [92]. Fixed com-
puter generated holograms (CGHs) were initially used for static array generation[93] as
well as arbitrarily weighted interconnects[94]. However, dynamic holographic interconnec-
tion using a ferroelectric liquid crystal (FLC) spatial light modulator (SLM) to act as a
reconfigurable CGH was subsequently suggested[95] and successfully demonstrated by vari-
ous groups[96][97][98](99]. Up to now, the wavelength-dispersion of CGHs has been viewed
as a problem, a form of chromatic aberration, to be minimised[100], but also too small to
be usefully exploited. As mentioned above, the wavelength-dispersion is still sufficiently
small for the FLC SLMs used in optical switching, for them to be considered effectively
wavelength-insensitive. Hence, the use of FLC SLMs for wavelength switching in WDM has
generally been considered impractical, due to the large SLM pixel sizes and their relatively
few number, as well as the general wavelength insensitivity of the FLC cell. However, the
combination of a fixed high-spatial-frequency phase-grating with a FLC SLM has amplified
the wavelength dispersion sufficiently to allow the advantages of holographic switching to
be used for wavelength switching in WDM. This concept forms the basis of a new generic
technology for wavelength filtering, which may find particular application in WDM telecom-
munications systems. During the course of this Ph.D., a holographic wavelength filter has
been developed and used to perform WDM demultiplexing[101][102], to act as the tuning
element of a tunable erbium-doped fibre laser[102] and to demonstrate active gain equali-

sation and channel management of a WDM telecommunications system[103].

1.5 Summary of Thesis Chapters

This dissertation is divided into six chapters which are briefly outlined below:

e Introduction: This chapter provides an overview of the major concepts and tech-
nologies in current optical telecommunications, such as WDM, OTDM, and EDFAs,
the support and development of which has acted as the major motivation behind this
Ph.D. The current competing technologies for tunable filters and lasers are reviewed, |

followed by an introduction to holography for use in optical telecommunications.

e Ferroelectric Liquid Crystal Spatial Light Modulators: An introduction to
spatial light modulators (SLMs) is given, followed by an analysis of how the ferroelec-
tric liquid erystal (FLC) material properties, such as the switching angle, affect the
diffraction efficiency of a FLLC SLM. Original analysis of the phase modulation prop-
erties of FLC with respect to circularly polarised light is given, followed by a method

to double the allowable phase modulation using a quarter-wave plate and mirror, A
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characterisation of the FLC SLM used in the experiments within this dissertation is

also presented.

e Binary-Phase Hologram Analysis: Original theoretical analysis of the perfor-
mance of binary-phase holograms is presented. Expressions are derived for the ex-
pected diffraction efficiency (~ 36.5%) and signal-to-noise ratios (> %) for binary-
phase holograms with N pixels, fanning out to p uniform spots of light. These results
are important for system design, and are equally applicable to binary-phase holograms

used in beam-steering and spatial fanning out of monochromatic light.

e Tunable Wavelength Filter: Results from the first proof-of-principle experimental
holographic filter are presented, followed by the results from an improved, polarisation-
insensitive, higher resolution and relatively low loss holographic filter. The design
of holographic tunable wavelength filters is discussed, and minimum system sizes
calculated for a given filter resolution of 0.8nm. An analysis of the chirp imparted

onto a signal passing through a holographic wavelength filter is given.

e Tunable Fibre Laser: Results are presented of a tunable erbium-doped fibre laser,
tuned using the holographic wavelength filter. Tuning over 38.5nm in steps of 1.3nm

with output powers of up to -13dBm has been achieved.

e Conclusions: Conclusions are drawn from the results of the experimental holographic
wavelength filter described in this dissertation, and the requirements for improved
tunable filters discussed. Future work, ideas and concepts are presented to indicate

how further progress is to be made in the use of dynamic holograms for WDM.
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Chapter 2

Ferroelectric Liquid Crystal Spatial
Light Modulators

2.1 Introduction to Spatial Light Modulators

Spatia.l light modulators (SLMs) are used to control and dynamically change the properties
of light, such as its phase or amplitude, over a 1-dimensional or 2-dimensional area of space.
The simplest SLMs are static devices which only change the amplitude of the light, such
as a black and white photographic slide, a photograph or a fixed diffractive optical element
( which modulates the phase of the incident light.) However, it is often desirable to have
a dynamic modulation capability, such as is required for video. Hence, the most common
dynamic SLMs can be thought of as the displays in laptop PCs and portable liquid crystal
(LC) TVs'. Another increasingly important use for dynamic SLMs is in astronomical
telescopes, where the SLM acts as an active optical element, correcting the abberations
due to optical path differences through the atmosphere. These are the main commercial
applications which have driven the rapid development of liquid crystal SLMs.

However, since SLMs can display pictures or patterns of data, they are also ideal devices
to display computer generated holograms (CGHs). When they are phase-modulating light,
they are acting as efficient programmable diffractive optical elements. In this dissertation, a
dynamic phase-modulating SLM has been used to act as a programmable diffraction grating
by displaying different holograms. It forms the basis of a tunable wavelength filter, which
has been used as a WDM demultiplexer and as the tuning element within the cavity of
a tunable fibre ring laser. Thus, in addition to their use as a means to enable dynamic

holographic optical interconnects[95], SLMs may also become an important commercial

'A cathode ray tube TV is not an SLM, since the phosphor screen emitting the image is passive, with
the image determined by the intensity of the electron beam as it is rastered. The luminescent light from
the phosphor screen is neither intensity nor phase modulated - it is merely emitted according to the level of

electronic excitation.
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Figure 2.1: Generic electrically addressed spatial light modulator (EASLM)

technology for optical telecommunications because of their potential application in WDM

systems.

2.1.1 Spatial Light Modulator Technologies

The dynamic SLM examples given above are all pixellated, with the picture area divided up
into many small finite-sized pixels. Each pixel can be individually controlled to create the
required spatial image, and hence modulate the light passing through in the desired man-
ner. Materials are thus required, whose optical properties can be electrically, acoustically or
magnetically changed, to enable modulation of the light passing through. Pixellated, elec-
trically addressed SLMs (EASLMs) are favoured, since they tend to be the most robust and
reliable. Figure (2.1) shows a generic pixellated EASLM displaying an image by amplitude-
modulating the light. The large electrooptic properties of modern liguid crystals have made
them currently the most developed technology for use in SLMs. There are two main types
of liquid crystal for use in SLMs: twisted nematic LC [104] which allows continuous gray-
scale modulation of the light, but which is relatively slow, requiring milliseconds in which
to change state; and ferroelectric liquid crystal (FLC) [105] which switches state in times
measured in microseconds, but normally only allows bistable modulation. Liquid crystal
SLMs can be used to either intensity-modulate[106] or phase-modulate[107] the incident
light. The LC SLM technology also has the benefits of cheapness and ease of manufacture.

Other technologies exist which can be used to spatially modulate light, although they
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Figure 2.2: Birefringent axes of FLC in 2 states separated by 6

tend to be more difficult to manufacture, expensive, polarisation sensitive, low pixel number,
but fast. The magneto-optic SLM ( MOSLM) [108] uses magnetic and electrical effects to
address the pixels. The acousto-optic SLM (AOSLM) [109] uses acousto-optic modulators
to create a phase-grating to diffract the incident light. Deformable-mirror SLMs [110]
have also been developed, but accurate phase modulation is likely to be difficult. Non-
pixellated SLMs also exist, such as the optically addressed SLM (OASLM) [111], which
has the advantage of being able to display very high resolution images, and can be used
for incoherent-to-coherent light conversion, as well as wavelength conversion. However, it is
difficult to implement, since the image needs to be optically written onto the SLM with light
at one wavelength, with the light to be modulated at the same or another wavelength. The
writing-light, whose intensity distribution determines the image formed on the OASLM,
must also have sufficient intensity to cause the optically-active material to change, so that

light at the read-wavelength is modulated.

2.2 Experimental FLC SLM Characterisation

Ferroelectric liquid crystals have become an important electrooptic material in recent years,
due to their interesting optical properties: high birefringence, large sw.itr,hing angle, fast
switching speed and bistability. The switching angle is the angle through which the optical-
axis of the FLC turns, as a suitable voltage is applied to switch the optical-axis between its
two bistable states. The geometry of this is illustrated in figure (2.2), with the birefringent
axes in the plane of the incident light wavefront. The switching angle is equal to twice

the cone angle, a material property of the FLC. The time taken for the FLC to rotate its
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optical axis determines the switching speed. In fact, FLCs can be either bistable optical
materials (such as smectic C* FLCs) with the optical axis existing in only two possible
states angularly separated by 6y, or they can have the optical axis continuously rotating
through any angle, within a particular range set by the material, such as smectic A* FLCs.
H Birefringences of up to An = 0.2 are possible, and switching angles approaching 90° [92],

with relatively fast response times ~ 2ps [92] have also been measured. Their low cost, ease
of manufacture, integration onto silicon VLSI and polarisation-insensitive operation[91] have
made FLC SLMs increasingly attractive. II]

The electrically addressed FLC SLM?, used in all the experiments described in §4 and §5,
was one specially optimised for use in the near infrared wavelengths of about A, = 1.55pm,
4 and used a bistable smectic C* FLC?. For phase modulation to occur, each pixel ( i.e. an
FLC cell) within the SLM is designed to act as a rotatable half-wave plate. This requires
the cell thickness £ to be given by t = A\, /2An, where An =~ 0.155 is the FLC birefringence
at infrared wavelengths and A, is the wavelength of operation. The required cell thickness
is therefore £ = 5um, although in practice the device had a thickness closer to 4.5pum. This
is still larger than is generally optimum for a FLC cell, making it difficult to align the liquid
crystal correctly with respect to the cell walls, and also making the FLC switching time
slower. The FLC switching angle was calculated by measuring the change in transmission
through a pair of crossed polarisers with the SLM placed between, when the FLC cells were
all switched from one bistable state to the other. The switching angle was found to be
0y = 20 = 28°, where @ is the FLC cone angle. The SLM was a 2-dimensional pixellated
device with 128 x 128 pixels, each on a 165pm pitch, with 5um dead space. A 1-dimensional
pixellated SLM would have been sufficient for the experiments described in this dissertation,
with the added advantages of being simpler to manufacture and probably having a faster
write-time.

The SLM was controlled by a PC via the printer port. Unfortunately due either to bad
handshaking at the PC/SLM interface, or electro-magnetic (EM) interference, the SLM
rarely displayed the desired hologram exactly. A random selection of between 5 and 15
pixels did not switch correctly. This is illustrated in figure (2.3) where a desired hologram,
and the actual displayed SLM hologram® are shown. The SLM was placed between crossed
visible-wavelength polarisers, so as to give a viewable amplitude-modulated display. The 12
incorrectly switched pixels are readily seen. Although their presence is expected to slightly
impair the hologram performance, the quality of the experimental results gained testifies to
the robustness of the holographic wavelength-filtering technique, even when there are pixel

failures.

?EASLM 2DX128 manufactured by CRL, Thorn EMIL.
3 An approximate equal mixture of 744/744r, manufactured by BDH/Merck.
“This hologram was the one used to produce the passband transmission curve #5 of figure (4.14).
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Figure 2.3: Desired hologram and actual hologram displayed on SLM
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Figure 2.4: Unpolarised light incident on a FLC cell at arbitrary orientation

2.3 Properties of FLC SLMs

2.3.1 Phase Modulation

The pure phase modulation of circularly polarised light by FLC has been recognised for
some years[112]. Ferroelectric liquid crystals (FLC) are birefringent materials with the
useful property that the optical axis can be rotated through an angle by applying a suitable
electric field. By choosing a suitable thickness of FLC and selectively using polarisers, the
FLC can be used to modulate either the phase or the amplitude of light passing through
along its optical axis. In this analysis we are only interested in the phase modulation
capabilities of FLCs which do not require polarisers. Figure (2.2) shows an FLC in one
state with its birefringent axes horizontal and vertical, and then with the optical axis rotated
through an angle 6 into another state (2). The birefringence of the material is expressed as
the difference between the refractive indices along the extraordinary axis n,. and ordinary
axis n,. The optical axis comes out of the plane of the page. Jones matrices may be used

to analyse what happens to light of wavelength A and arbitrary polarisation which passes
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through the FLC along its optical axis. Figure (2.4) shows light of a random polarisation
incident on a FLC cell of thickness d and arbitrarily orientated so that the extraordinary
axis is at an angle v to the vertical in its ‘relaxed’ state (1). The unit coordinate vectors
are: & = vertical, § = transverse horizontal and Z = longitudinal horizontal, and the Jones

matrices are defined relative to the £ and § coordinate axes. The input state of polarisation

A

where A is the amplitude of the light resolved along the & direction, B is the amplitude

P;, of the light is given by:

resolved along the § direction and « is the phase difference between the two amplitudes.
The state of polarisation P,,, of the light exiting from the FLC cell is given by:

Loyt = L Py, (2.2)
The 2 x 2 Jones matrix ,J for the FLC cell of thickness d is given by:
sin?(y + 6o)eldne X cos(y + Bo) sin(y + Og)ene
+ cos?(y + f?g}e-"d”*’%fL — cos(y + Bo) sin(y + 6)ei e 5
F=
cos(y + 0o) sin(y + fp)el im0 X sin?(y + fp)eldne X
— cos(7 + Bp) sin(y + Gp)eldne ¥ + cos?(y + fp)eidne X

The FLC cell is normally in a half-wave plate configuration so that the retardances along the
two birefringent axes are out of phase by 180°. This means that eld(ne—no) 5t _ —1, requiring
the thickness of the FL.C material to be d = -2-&;, where the birefringence An = n, — n,.
If we assume this to be the case, then the Jones matrix J for the FLC cell can be greatly

simplified to yield:

7 = ghinate ( —cos(2y +200) sin(2y + 26p) ) 5

sin(2y + 26p)  cos(2y + 26,)
The angle 6 is equal to zero when the FLC cell is in its state (1).

It is not obvious in what manner the FLC is modulating the input light, since Jones
matrices essentially describe the polarisation of the light in terms of plane polarisations, by
resolving the polarisation of the light into cartesian coordinate axes. If on the other hand we
describe the light in terms of circular polarisation, it immediately becomes apparent what
the FLC is doing to the light. Circularly polarised light can be expressed as the sum of two
orthogonal linear polarisations of equal amplitudes but separated in phase by 90°. If our
input polarisation P;, were clockwise circularly polarised, then with reference to equation
(2.1), A= B and o = —7 /2. The other orthogonal circular polarisation is anticlockwise, in

which case & = +m /2. The two unit circular polarisations ¢, and ¢_ can be described as:

E-——l- 4 é——l~ :
.:-y—\/i —j ] ___\/§ J
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The clockwise and anticlockwise circular polarisations are orthogonal to each other, so all

possible polarisation states can be described as a weighted summation of them, with a phase |

A .
Ein: ( ) EC§+ ‘i*e?ﬁDf_:'_

difference 3, such that:

Beie

If clockwise circularly polarised light is incident on the FLC cell such that:

(&) 1
Eﬁl:ﬁ(—j)

then using equations (2.2) and (2.3) the output state is given by:

gidno®E [~ cos(2y + 20p) sin(2y + 26;) e 1
sin(2y + 26p)  cos(2y+260) | V2 \ —j

i ejdn,,l;-'+ar+2«y+2eu£ 1
V2 \ j

It can be seen that the light coming out is now anticlockwise circularly polarised, and has
also been phase modulated. Varying the switching angle @y of the FLC causes a phase
modulation of +26,. The additional phase modulation of 7 + 27y is a constant and does
not change as 6 is varied. Similarly, if the input polarisation were anticlockwise circularly

polarised then the output polarisation state would be:

- 2w C 1
P . ejdrtOT—w—27—290
. \fi —j

such that the handedness of polarisation has again been reversed, but now the phase change
is —20y. The two circular polarisations are in fact phase-conjugate modulated. For a phase
hologram using FLC, one circular polarisation ‘sees’ the hologram as expected, while the
other orthogonal circular polarisation sees the phase-conjugate of the hologram. This may

have useful applications®. On the other hand, if we want uniform phase modulation of a

plane wavefront, the light needs to be circularly polarised - the handedness does not matter.
The orientation of the FLC cell (expressed by the variable y) is also unimportant, since the
additional phase modulation due to «y is a constant for each of the two circular polarisations,
while the useful phase modulation due to the switching angle 6 is independent of it. There
is a crucial difference between a phase hologram based on FLCs and a simple phase hologram
made by changing optical path lengths to cause phase changes. A simple phase hologram
will give the same phase modulation to both circular polarisations, whereas a FL.C hologram
will give the phase modulation to one of the circular polarisations, but the conjugate-phase !

modulation to the other circular polarisation.

“e.g9. image and signal processing often requires conjugate filters.
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Figure 2.5: FLC cell and mirror together give no phase modulation

2.3.2 Doubling The FLC Phase Modulation

A deep FLC phase modulation capability is desirable since the diffraction efficiency of
binary-phase FLC holograms is increased, and a greater range of phase modulation is made
possible for continuous phase holograms. The optimum for binary-phase holograms using
bistable FLCs is a phase modulation of 0° or 180°, while for continuous phase holograms,
we want the phase modulation to range from 0° to 360°. Unfortunately, most FLCs have
a limited switching angle which compromises the ability to display optimum holograms on
the spatial light modulator. One obvious solution to increase the total phase modulation
capability is to cascade FLC SLMs, but this is expensive in terms of hardware and increases
the complexity and alignment of the elements in the architecture. A fold-back architecture
which reflects the light back through the FLC SLM may appear to be a simple and effective
method of increasing the phase modulation depth. However, an architecture like that on
its own does not work, because the 2 phase modulations experienced by the light during
its 2 passes through the FLC cancel each other out. This is best explained with reference
to figure (2.5), where circularly polarised light is passed through a FLC cell. If clockwise
circularly polarised light is passed through the FLC it experiences a phase modulation of
+26y and a reversal of polarisation. It is then reflected back by the mirror which also
turns the state of polarisation of the light back again to its original clockwise state. The
light approaches the FLC again, but now from the opposite side, which means that the
switching angle has now ‘swapped’ to the other side of the vertical axis and in effect has
become —@y. This causes the additional phase change experienced by the light to be —28,
so that the total phase modulation is now zero. The converse is also true for input light

with anticlockwise polarisation. To get useful phase modulation, the polarisation of the
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Figure 2.6: FLC cell, quarter-wave plate and mirror doubles phase modulation

light needs to be anticlockwise as it passes back through the FLC cell. The phase change
during the second pass would then be +26;, giving rise to a total phase modulation of +40,.
The handedness of circularly polarised light can easily be reversed by passing it through a
half-wave plate. This can also be achieved by introducing a quarter-wave plate between the
FLC cell and mirror, so that the light passes through the quarter-wave plate twice, which
effectively then acts as a half-wave plate, so reversing the state of polarisation. This is illus-
trated in figure (2.6). A polarisation-sensitive architecture using this configuration of FLC,
quarter-wave plate and mirror has already been proposed and experimentally verified[113].
Due to its polarisation sensitivity, it was thought that the quarter-wave plate had to be
accurately aligned within the system. But for the same reasons as given previously for the
orientation insensitivity of the FLC cell (which is a half-wave plate), it follows that the
configuration of FLC cell, quarter-wave plate and mirror (as shown in figure 2.6) is also
orientation insensitive, such that the relative orientation of the quarter-wave plate is arbi-
trary. In addition, the two orthogonal circular polarisations of light are still phase-conjugate
modulated, which makes this configuration to double the phase modulation of a bistable
FLC SLM also polarisation-insensitive, using the argument as given in §2.3.4. Hence the
above architecture which doubles the phase modulation of a FLC SLM is made much more
attractive, practical and efficient, since it is both polarisation and orientation insensitive.
This new polarisation-insensitive architecture was independently conceived by the Author
during the course of his Ph.D., but not experimentally tested. However, this configuration
to double the phase modulation was experimentally verified using circularly polarised light

by another independent group in Boulder, Colorado[114], although they did not recognise
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Figure 2.7: Arbitrary binary-phase hologram Hg(X) with ¢ phase modulation

its polarisation-insensitive properties when used in a FLC SLM. They also suggest using a
polymer cholesteric liquid crystal (PCLC) mirror in place of the quarter-wave plate/mirror
combination, to act as a polarisation-preserving mirror, but this makes the architecture
polarisation-sensitive. A similar concept using nematic liquid crystal, which has slightly

different properties to FLC, has also been published[115].

2.3.3 Diffraction Efficiency

Ferroelectric liquid crystals can be used in a pixellated matrix array or SLM to yield a
dynamic hologram, where each SLM pixel can be individually controlled to give a different
phase modulation of the light. Since most FLC switching angles have a limited dynamic
range, the degree to which light can be phase modulated is compromised. This causes the

dynamic hologram to become less efficient at generating the desired diffraction pattern and
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a proportion of the light remains undiffracted. For the most part, we want the undiffracted

proportion of light to be as low as possible. For a binary-phase hologram, which uses
bistable FLC to give 2 possible phase modulations, there is a simple relationship between
the diffraction efficiency and the FLC switching angle. An arbitrary binary-phase hologram
Hy(X) is shown in figure (2.7a). We assume that there is a relative phase modulation ¢
between the two bistable states. We can consider the hologram Hy(X) to be the sum of
a non-varying uniform aperture Hy(X) (as if the phase modulation depth ¢ = 0) and a
spatially varying hologram which contains the main phase profile information of Hy(X).
The transmission of the uniform aperture is the average of the 2 bistable states, (14 ¢7?)/2.
The varying hologram can be considered as the desired binary w-phase hologram H,(X)
(the optimum hologram when the phase modulation depth is ¢ = 180° or ), but with its i
transmission reduced by a factor (1 — e/?)/2. This is shown in figure (2.7b). Thus we can

write: 36 -
1+ =
H¢(X) = 5 Hy(X) +

The resulting diffraction pattern hy(z) due to the hologram Hy(X) can then be similarly

Hy(X) (2.4)

written as:

9 1 — ot
14-é ola) el

B ()

{cos igh.u(:r:) — 7s8in -gh,,(a:)} eI9/2 (2.5)

he(z) =

hy(z)

This tells us that any arbitrary diffraction pattern hg(z) is made up of the redundant
undiffracted pattern ho(z) due to the uniform aperture, and the desired 7-phase modulation
diffraction pattern hy(z). Equation (2.5) is the amplitude distribution of the diffraction

pattern, from which we can deduce by multiplying by the complex conjugate:
o cos® § of power is undiffracted
o sinzg of power is usefully diffracted

For a binary-phase hologram using a bistable FLC, the phase modulation between pixels is
¢ = 20 where ) is the switching angle of the liquid crystal. This means that we can only
diffract the proportion sin® #y of the light and this is maximised when the switching angle
0y = 90°. The proportion of diffracted light sin® 8, is equivalent to the transmission of a FLC

cell placed between crossed polarisers, in order to attain & binary-phase modulation[97].

2.3.4 Polarisation Insensitivity of Binary-Phase FLC Holograms

Ferroelectric liquid crystal holograms are in general polarisation-sensitive, since the two or-
thogonal circular polarisations are phase-conjugate modulated. It is easy to show, however,
that binary-phase FLC holograms are in fact polarisation-insensitive, because they produce

mirrored, symmetric diffraction patterns. This can be done using fourier transform theory.
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If we have a binary-phase hologram H(X), then its fourier transform (equivalent to the
diffracted output field) can be defined as h(z), where:

H(X) = h(z)

One circular polarisation of light will experience the hologram H(X), but the orthogo-
nal circular polarisation will ‘see’ the phase-conjugate hologram H*(X). However, fourier

transform theory gives us the identity:
H*(X) = h*(—xz)

Thus the orthogonal polarised light will be diffracted to give an output field of h*(—z). |
| But, as already noted above, binary-phase holograms automatically produce a symmetrical |
output field A(z), such that:

h*(—z) = h(z)
This being the case, the two output fields due to the two orthogonal circular polarisa-
tions are thus totally identical, which therefore makes the binary-phase FLC hologram
polarisation-insensitive, as has been already reported[91]. The two output fields due to the
two polarisations will thus have exactly the same amplitude and phase distributions. How-
ever, since they are orthogonal to each other, they will form their own identical intensity
diffraction patterns, but not interfere with each other. This is an interesting property, which

may find useful application.

2.3.5 Polarisation-Insensitive Multi-Phase FLC Holograms |

In general, multi-phase FLC holograms are polarisation-sensitive, since the two orthogonal
circular polarisations are phase-conjugate modulated, so that their diffraction patterns are
mirror images of each other. In the case of binary-phase holograms, this effect is obscured
by the intrinsic symmetry of the output field, so that the holograms appear polarisation-
insensitive. However, this principle can also be extended to any multi-level phase hologram
which produces a symmetrical output field: a multi-level hologram designed to produce a
symmetrical output field, will appear to be (and in effect is!) polarisation-insensitive. All

we require is that the output field obeys:

|h(—2)| = |h(z)]
such that the phase distribution of h(z) does not matter. The output fields due to the two
circular polarisations may have totally different phase distributions, but they will still form
the same intensity diffraction patterns, while also not interfering with each other. Although
most holograms are not designed to produce symmetrical output diffraction patterns, many
holograms are specifically designed to have that property. The most common example of
this is a Fresnel lens. Thus multi-level phase FLC SLMs can be used within optical systems

to provide polarisation-insensitive programmable Fresnel lenses.
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Chapter 3

Binary-Phase Hologram Analysis

3.1 Introduction

In this chapter we present a new analysis of the diffraction efficiency and signal-to-noise
ratio (SNR) of binary-phase holograms, which is particularly suited to scaling considera-
tions of dynamic monochromatic holographic beam-steering and also wavelength filtering
devices. The limited number of pixels in a FLC SLM restricts the performance of the
holograms, so increasing the importance of knowing the SNRs and diffraction efficiencies
that we can expect in a real holographic system. The analysis which gives theoretical pre-
dictions of hologram performance is only of practical use when used in conjunction with
an analysis of additional losses and sources of crosstalk to be found in a real holographic
system([90]. The analysis is equally applicable to systems employing optical replication of
the dynamic hologram to improve performance, which is equivalent to increasing the pixel
number. Good agreement between the results of the analysis and the performance of dy-
namic holograms designed by a number of algorithms (predominantly simulated annealing)
has been achieved. The results throw some interesting light on the stochastic holographic
design process and should be of interest to those designing dynamic binary holograms for a

variety of applications.

3.2 Definitions and Assumptions

In the analysis which follows, the diffraction efficiency is defined to be the proportion of
the total optical power passing through the hologram which is successfully directed to the
desired fan-out intensity spots in the positive first (+1) order. Since binary-phase holograms
always produce a symmetric output field, it follows that half the power is automatically lost,
and the diffraction efficiency must be less than 50%. Consider an example holographic image
consisting of a single spot of light in the positive first order. The intensity profile |h(z)|? of

the image is shown in figure (3.1). The diffraction efficiency 7 is defined as:
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Figure 3.1: Intensity profile of arbitrary holographic image

T

[ |h(z)Pdz
2y A

T |h(z)Pde

n =

The SNR characteristic is defined to be the ratio of maximum intensity of the spots
I, = |h(z,)|? with the average intensity of the light between the spots, which is undesired

and acts as noise. Using the same image |h(z)|*> above, the average noise intensity I, is

given by:
“:Pf%i X1
[ |h(@)Pdz+ [ |h(z)]de
0 :1:,-&%
i - X — 5
+1 — A
The SNR is then given by:
Iy
SNR = A

In a real system, the illumination of the hologram is likely to be gaussian. It is assumed
that the effect of this gaussian illumination in the output plane (mathematically speaking,
a convolution) has very little effect on the diffraction efficiency, merely broadening the spots
slightly and causing a ‘blurring’ of the total image.

The underlying assumptions to the following analysis are:

e the holographic image contains p spots of uniform intensity light in the positive first
(+1) order

e the number of pixels NV in the hologram is much greater than p and can be considered

high
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e the number of pixels N in the hologram is an even number

e the hologram is uniformly illuminated

3.3 Analysis of 1-D Binary-Phase Holograms

The analysis can be split up into a number of consecutive steps. We first take pairs of pixels,
symmetrically either side of the centre of the hologram, with each pair fourier-transforming
to produce a unit cosine (if the pair has even symmetry) or a unit sine (if it is odd) in
the output field. If we assume that the hologram as a whole has even symmetry, then
the output field is given solely by the summation of unit cosines of ever increasing spatial
frequency. (The generalisation for a non-symmetrical hologram is given in Appendix A.3.)
The second step is to assume that the hologram is steering the light to just one arbitrary
position in the output plane. We then determine how well we can expect the unit cosines,
which are forming the output field, to add up constructively at that arbitrary position so
as to give us the maximum possible amplitude of the light at that single point. We can
then calculate the average or expected value of a single unit cosine at that point in the
output field. The third step is to investigate how the expected value of a single unit cosine
at a fan-out position reduces as the hologram has to fan-out to multiple positions in the
output field. Finally, we use the expected value of the unit cosine to calculate the expected

amplitudes of the fan-out peaks, and hence the diffraction efficiency and SNR.

3.3.1 Definition of Hologram and Output Field

Consider a 1-D hologram consisting of N pixels of dimension W with no dead space between
the pixels. An example hologram consisting of 12 pixels is shown in figure (3.2). Light of
total power Py, is uniformly incident upon the hologram so that each pixel is illuminated

Pia 1

with a one-dimensional intensity I = if;". The associated electric field amplitude E

incident on each pixel is then E = \/%, where the intensity I is given by I = 28—32,
and Z is the impedance of our two-dimensional free space. We can model the binary-
phase hologram as a series of N Dirac delta functions, spaced W apart, with weights of
+W %fi, depending on the transmission of each pixel. A more accurate model would
convolve the delta functions with a rectangular pixel aperture of width W, which would
result in the output plane image being multiplied by a slowly varying sinc function. This
does not alter the results of the following analysis, and the affect of the additional sinc

envelope in the output plane is detailed in §3.3.5. Thus we can write H(X) analytically as

! Although such a one-dimensional intensity has no physical meaning, it simplifies and avoids unnecessary
over-complication if we employ the concept of such an intensity illuminating our strip hologram, since the

analysis is fundamentally 1-D in nature.
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Figure 3.2: Arbitrary 1-D binary-phase hologram consisting of 12 pixels

a series of delta functions:

N-1
mX)=uWRﬂZESk(—w—g—§w)

The binary-phase modulation of the k** pixel is represented by Sy which is either +1 or
—1. From fourier theory, a pair of delta functions transform to a cosine expression when
they are of the same sign, and to a sine expression when they are of opposite signs. This
is illustrated in figure (3.3). By pairing the delta functions which are equally positioned
either side of the mid-point of the hologram and taking the fourier transform of each pair,
we get a series of sinusoids of ever increasing spatial frequency. The output image h(z) is

therefore built up by a series of sinusoids of equal amplitude:

h(z) = H(X)

_[om T —itmex
hz) = v@;;/!ﬁﬁjc’77 dX
J’ i /P,,,27

The optical fourier transform is performed by a lens of focal Iem_.,th f, and the incident

light is assumed to be of wavelength A. The expression ,/ w NW Lia2Z9 which is an electric

=
&8
|

( (2k +1)aWa

(2k + l)wW:r:)
fA

fA

) + by sin(

(3.1)

27




CHAPTER 3. BINARY-PHASE HOLOGRAM ANALYSIS 3.3. 1-D ANALYSIS

H(X) h(x) N
+1 +1 Fourier N 2W(2k+1)

T ? : el 7,\/

_ e .
@, © e, VGV

h(x)= 2cos( @'3'71?{—’5% )

Even-symmetrical pair of delta functions

(@)

H(X) h(x) . |

+ Fourier W(zke1)
T (2k+1) W Transform 2
2 5 — /\ /\ 5

_ww ol -1¢ > X - \/ \4 \/ N

2 £
1
h(x)= 2;sin(@-f£“—m‘)

Odd-symmetrical pair of delta functions

(b)

Figure 3.3: A pair of delta functions fourier-transforms to a sinusoid

field amplitude, is represented by the symbol Ag in order to make the algebra clearer. The
coefficients ay, and by, are orthogonal to each other. If the hologram H(X) has an even
symmetry about its mid-point, then we find that the set of elements {b;} = 0, whereas
if it has an odd symmetry then {a;} = 0. Most holograms do not have perfectly odd or
even symmetry so the sets of coefficients {ar} and {by} each contain the elements —1,0
and 1. This is shown in figure (3.4), where the small arbitrary hologram of figure (3.2)
is transformed to produce an output image given by the summation of 6 sinusoids of ever
increasing spatial frequency. For the sake of simplicity, we shall assume henceforth that the
hologram H(X) has an even symmetry. Appendix A.3 shows that the results of the analysis

are the same for the case of a non-symmetrical hologram.

Hence we can consider the output image h(z) to be given by a summation of cosines of unit

amplitude, and ever increasing spatial frequency - a type of fourier series:

(2k + l)ﬂ'W:B)

o (3.2)

&3
2

hiz) = Ap Z aj cos(
k=0
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Figure 3.4: Arbitrary 1-D binary-phase hologram and its fourier transform

3.3.2 Steering Light to a Single Spot

Using algorithms such as simulated annealing, the values of the coefficients {ax} are ul-
timately determined so as to maximise the intensities of the p spots of light at positions
(z1,22,....,2;), while keeping them of uniform intensity, avoiding spurious light concentra-
tions and minimising noise. To begin with though, as with most holograms, we assume that
the hologram is only directing the light to a single spot at a position z,. The infensity of
that single spot of light is given by I, = |h(zp)|*, where the amplitude h(z,) of the light is

given from equation (3.2) by:

¥

8 2k + 1)nWa
h(zp) = Ao Z aj. cos((f%’i)

k=0

Since binary-phase holograms are digital and discrete in nature, we find that the same is
true for z,. We can only direct the light to certain discrete positions in the output plane
given by z, = :—\',-%, where n is an integer ranging from 0 to N/2. Given that the variables
kmn and N can all take on fairly arbitrary integer values, then the product EL*F}M will
yield an arbitrary result as well. Once we take the cosine of that product, all we can predict
about the result of that cosine operation is that it will lie somewhere between —1 and
+1. Although we could explicitly calculate that value, the result is still to all intents and
purposes random. Hence by assuming that the term cos(IL“fwﬂ) is a random variable,
we can use stochastic analysis to get an insight into how bright we can expect to make the

spot of light at z,. We define the ezpected amplitude of the spot of light A, as equal to the
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expected value of h(z,), so that:

A, E{h(zp)}

N 1

= E{A zzakcos(gﬁi}_};w_"r’)
k=0

N

L
A ¥ E{ak COS(M)} (3.3)
k=0

]

2

We are now interested in calculating the expected value of the k* component in the sum-

E {ak cos (——W +}2\7rW:r:p) }

The coefficients {ay} are determined so as to maximise the above expectation, and hence

mation of equation (3.3):

the possible spot intensity. This can be done by choosing the value of ay, for a particular k to
equal the sign of cos (m%l)‘;'liﬂ) By doing this, we are ensuring that all the components
of the summation at the spot position z, are positive, and so add up constructively to get
the maximum possible amplitude of the light. We can calculate analytically the value of
the expectation from such an algorithm by substituting the variable X = mﬁ‘*l-}:\ﬂiﬂ and
finding E{|cos(X)|} for -« < X < w. By making X a continuous variable, the average

value of | cos(X)| is given by:

E{jcos(X)[} =

This is demonstrated in numerical simulation where we use kY instead of X', and let Y
take on values from 0 to 7/2 in discrete steps of /N, as in the case for a binary-phase
hologram. For each value of YV, we let k increment from 1 to N/2, and for each increment
we calculate the result of |cos(kY')|. Thus for each value of Y we have N/2 results or
‘samples’, from which we can calculate the average. We then plot the average result of
| cos(kY')| as a function of Y. For a hologram of N = 240 pixels, the plot shown in figure
(3.5) demonstrates that the average or expected value of |cos(kY')| is indeed very close to
2/m = 0.6366 for the most part. What is interesting to note is that for Y = n/2R, where R
is an integer, then the expected value is higher than 2/, and is actually equal to 1/R sin 5.
The value of YV in this case corresponds to the output spot position when the hologram is
a regular binary-phase grating of period 2R pixels. A regular grating can be thought of as
a special type of hologram with enhanced properties, such as the ability to steer light to a

particular position more efficiently.
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Figure 3.5: Expected values of | cos(kY)|

Thus if we are steering the light to just a single output spot, we know that:

E {uk cos (—(Qk x ;lﬁw“"p) }

2
— for a hologram
r;

= Rsiilz—“ﬁ for a grating of period 2R (3.4)

The resulting expected amplitude A, of the spot of light, due to a hologram of N pixels
steering light to an output position at z,, is independent of that position, and is given by
substituting equation (3.4a) into (3.3):

N

Ay = A (3.5)

This tells us that the amplitude A, of the spot of light increases linearly with the number
of pixels in the hologram. This is what we would intuitively expect: larger holograms with
more pixels produce more intense and better defined spots of light. The expected peak
amplitude for a binary-grating of N pixels, regular period 2R pixels (which directs light to
a single output spot positioned at z, = ﬁ%‘—), is given using equation (3.4b) substituted
into (3.3):

N

A = —_— N
$ Aa?Rsiu(f‘ﬁ) (3.6)
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It can be seen that as R becomes large, the amplitude of the spot of light given by equation
(3.6) tends towards the same as the amplitude for a spot of light due to a hologram of the
same number of pixels, given by equation (3.5).

3.3.3 Fanning Out to Multiple Spots

We now want to find the expected value of the k* component of the summation, given

that the hologram has to fan out to p spots of light, at positions (z, 3, ....,2,) in the +1
order. As is the case for the huge majority of holograms, we assume that the hologram is
not a regular grating (which can only direct the light to one position anyway), so that the
expected value of |cos(wf)§rﬁ‘3)| is 2/m. In addition, we now assume that we have p

: ; ; 2%+ 1)mWa : 3
independent random variables in the set {cos(Li}l;in) }, with an element corresponding

to each value of 2, and each element having the same stochastic properties. We also assume
that each random variable has an equal chance of being positive or negative, such that:

prob {cos (%) > {)} = I/

This implies that the probability that the random variable cos(%) associated with
each position (z;, 3, ....,,) is positive at all those p positions of the spots of light, is (‘—l,:) .
Given that they are all positive, then the average expected value for each random variable,

or the average k™ component value, is f{—

The probability that only (p—1) of the random variables are positive but that one is negative, I
for the k* component (:os(wﬂ), must be (%)p_] (%)p (using basic combination
theory.) Given that we have this case of (p — 1) of the k" components being positive and
one being negative, then the average expected value of the k** component across the p spots

of light is:

2 2
-0+ (-3)1_ 2p-2
P p
This procedure can be continued for the general case where out of the p positions of the

spots of light, (p—q) of the k** components are positive and ¢ are negative. The probability

of (p — q) random variables being positive, and g being negative is given by:

ONOF = ROF=

The average expected value of cos( 2t Wz, for each of those p spots is given by:
age ex| i) P s g y

e
™ p
For the case when the majority of the values of COS(M) at the p spot positions are

TA
positive, we let ap = +1. Conversely, when the opposite is true, and the majority of the
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values are negative at the p spot positions, then we let a; = —1; otherwise we allow a;. to

be randomly +1 or —1. In this way, we are maximising the amplitudes of the spots of light

whilst also minimising the noise.

We can write an expression for the expected value of ay. cos(ﬁﬂ};ﬂtfﬁ) as a summation of
all the expected values of a; cus(m%l),\ﬂﬁﬂ) multiplied by their probability of occurrence,

with the assumption that p is even:

E{a;_- (:05(_(% +B\“W‘Tw)} = { (%)p % + (%)ph (p ; 2)
! 2

+

(ye(=2)2 + ()

The first half of the series is positive since ap = +1 and the second half of the series is also
positive because the expected value of the elements is negative but now a; = —1. Since the

series is symmetric about the middle element we can write:

By
(2k + 1)7aWaz, 2 3 p! (p - Zq)
Eqapcos| ———F = 2—
{ c ( fA )} 2Py gq!(p—q)! P
1 p

_a g2 a8 -y
- wzp{,;q!(p—q)l P2 1)(p—q)}
(3.7)

From consideration of the binomial expansion? of 27, for p = even number, we can assume:

B

2 | 1 1

P P
B e b B 3.8
q;uq!(p—q]! 2 ( E'E') (3.8)

and that:
(p—1)! r )

Z e e = (3.9)

s @-Dip—q! 4

Substituting equations (3.8) and (3.9) into equation (3.7) we get:

N e WL i(g__rﬂ___ﬁ)

= ~F(p) (3.10)

see Appendix A.2 and equations (A.3) and (A.4)
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Thus the expectation is now reduced by a factor by

pEIE]L?
wEE

which we represent by the function ‘
F(p) such that for the case when p is an even number:

p!

In Appendix A.4, figure (A.5) plots the solution to F(p) as p varies from 1 to 20. For the ‘
case when the fanout p is an odd number, then a similar analysis to the above yields the

result that:

_ (p—1)! . :

For p = 1 this gives the result that F(1) = 1, (assuming 0! = 1.) Thus equation (3.10)

agrees with the results derived for the hologram steering the light to just one position, and
expressed in equation (3.4a). Appendix A.4 gives a useful approximation for F'(p) which
becomes accurate with high p, such that F(p) — ‘/ﬂ%. Using equation (3.3) in conjunction

with equation (3.10), the expected amplitude of one of the fanned-out spots of light is given

by:

A, = A Z: E{akcos(%)}

k=0

= A F(p) (3.13)

Thus the amplitude of each spot of light is still proportional to the number of pixels in the
hologram, but reduces with the number of spots the hologram has to fan out to. This is

what we would intuitively expect to happen.

3.3.4 Calculation of Diffraction Efficiency and SNR

The shape of the finest detail ( e.g. the intensity profile of a spot of light) in a holographic
image is governed by the shape of the illuminating aperture on the other side of the fourier
lens. They form a fourier transform pair. Since the illuminating aperture is rectangular in
shape, it follows that the intensity profile is close to a sinc¢ function in shape. When we are
steering light to one spot or many spots, we are concentrating as much power as possible
into the smallest possible area. But the smallest area into which we can concentrate that
power is limited by the fourier resolution of the hologram. The smallest width Az into
which we can concentrate light is given by[116]:
2fA .

Bz= 2L (3.14)

This is the width of the spot of light, which is inversely proportional to the hologram

aperture NW. The power in the spot P, is given by integrating the intensity profile over
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Figure 3.6: Normalised intensity profile of a spot of light

the spot width. Since we know the shape of the intensity profile, its width and its maximum
intensity, we can calculate the total power within the spot. This is given by the product of
the spot width and the square of the spot amplitude (Ag), multiplied by a ‘shape factor’ a
to take into account the fact that the spot has a sinc?(z) shape, rather than a rectangular
i profile. The shape factor a is defined as the ratio of the area in the main lobe of a sinc?(z)
function to the rectangle enclosing it. This is illustrated in figure (3.6).

IlI i

— . \ 3l lr
o =3 sinc®(r)dr (3.15)

0.451

Using equation (3.13) for the expected spot amplitude, equation (3.14) for its width, Par-
| seval’s Theorem for power conservation (which requires an additional factor of 215), and

substituting back for Ag, we find that the power P, in a single spot of light is:

P, =

= —f”« { iaAzA;c} (3.16)

1 1 8xWPu2Z N2F*(p) 2f)
or2ZC NJA 2 NW
2
Pp — Mﬂu (3.17)

2

If the hologram is fanning out the light to p spots of light, and the total input power through

the hologram is Pj,, then the efficiency 7 of the hologram is given by:

P-Pp

W= Pin
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Figure 3.7: FWHM of holographic peak, normalised so that Az = 27

= “3pF(p) (3.18)

A hologram which steers light to just one position, i.e. p = 1, should have a diffraction
efficiency given by 5 = %% = 36.5%, since pF?(p) = 1. But for a large fanout where p > 1,
then from Appendix A.4 we find that pF%(p) — %, so that the diffraction efficiency becomes
n— l—:% = 23.3%. This means that we should expect the diffraction efficiency of a hologram
to reduce down towards 23.3% as the light is fanned out to multiple positions in the output

plane.

The shape factor « is assumed to be the same for a spot of light formed by a regular
grating, since the spot still has the same width as for one due to a hologram, and the fourier
resolution limit implies that the shape of the intensity profile within this width cannot vary
significantly. Figure (3.7) shows that the full-width at half-maximum-amplitude of a spot
(~ 0.6Az) is virtually the same for spots produced either by a grating or by a direct binary-
search (DBS) hologram. We can use this result to support our assumption that the shape
factor o = 0.451 for all spots of light, including those produced by a grating. The power in

the spot of light produced by a grating is calculated using equation (3.16) but substituting
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equation (3.6) to give:
2a

B i e el 3.19
f R%sin® (%) (3:16)

This means that the efficiency of a grating is given by:

‘PP
T= &
2cx

= gy (3.20)
R2 sin® 2%

For a grating with a half-period R = 1 pixel ( which is the highest possible spatial frequency),
the diffraction efficiency 7 is equal to v (= 45.1%), rather than 2« or 90.2%, since the spot,
of light produced by the grating is now ‘straddling’ the first and second orders. This means
that only half of the spot of light technically lies in the area of interest, the first order,
and this is illustrated in figure (3.7). As such, the diffraction efficiency, as earlier defined,
remains below 50%. As the number of pixels per period 2R gets large, so the grating

contains fewer periods, and the diffraction efficiency reduces:

Sar
"= ==
n = 36.5%

This lower efficiency is the same diffraction efficiency as one would expect from a hologram
which is steering the light to a single position at an arbitrary position in the output field. It
should be noted that these are the diffraction efficiencies as calculated without taking the

sinc envelope into account. This is done in §3.3.5.

Using conservation of power within the -1,0,4+1 orders, which extend over a distance fA\/W,
as shown in figure (3.1), we can estimate the average noise-amplitude A,,. The total power
in those orders equals the total input power Pj,, such that the total power in the desired
spots of light plus all the integrated noise power which lies between the desired spots of
light must equal the total input power P;,. If we assume that the hologram has a diffraction
efficiency 7, then the total power of the spots of light in those orders will be 2P;,. The
total integrated noise power is calculated in a similar way as was used with equation (3.16)
to calculate the power in a spot of light. Thus from conservation of power we have:

(An)? A

i |
Fn = 20Pn+ o0

Rearranging this expression gives us the average noise-amplitude:

27W Py, (1 — 20)22
Art = f)\

(3.21)
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Given that we now have expressions for the expected spot-amplitude A, and the average
noise-amplitude A,,, we can find an expression for the expected SNR. For an arbitrary fan-

out hologram this is given by additionally using equations (3.13) and (3.18), and substituting

(‘1? )
T

F%(p)N?8ZP;, w?

72 NW?22ZPyu(1 - 2n)
4F*(p)N
72(1 —2n)

4F*(p)N

a2 (1 . IGaEﬂF'ngl_l)

4F%(p)N
72 — 16apF2(p)

SNR

I

S ik for large p (3.22)
2p

The SNR for a grating is calculated using equations (3.6), (3.20) and (3.21) to give us:

2
SNR = (A”)

A,
- N
RZsin’ 5% (1 — 2n)
N

e — 32
R'Zsinz-?% — 4o (3:28)

Thus for 1-D holograms we find that the SNR is proportional to the number of pixels N and
for a large fanout is inversely proportional to the fanout p. Both these results are intuitively

reasonable.

Some may question the lowness of the expected efficiency (36.5%) since the figure of about
45%[117][118] is often presented as being the efficiency of a 1-D binary-phase hologram.
The discrepancy is due to the fact that only for a grating of maximum spatial frequency
do we get an efficiency of 45.1%. If we use a grating with the same number of pixels but
a lower spatial frequency (or fewer periods) then this efficiency is reduced towards 36.5%.
Having said that, when the sinc envelope is included in the analysis, as in §3.3.5, we find
that the efficiency of a binary grating is always 36.5%, whatever its spatial frequency. It is
in fact impossible for a fanout binary hologram (or a binary grating) to have a diffraction

efficiency greater than this figure of 36.5%.

3.3.5 Sinc Envelope

The analysis has used ideal delta-functions as a representation of the pixels in a hologram.

In reality the pixels are of a finite width W which causes the output image to be multiplied
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Figure 3.8: The sinc envelope due to the finite pixel width W

by an overall sinc envelope. If we assume that all the pixels in the hologram are of width
W and are adjacent to each other such that there is no dead space, then the equation of

the amplitude of the resulting sinc envelope is:

sin . Waz
_W_‘R:ﬂ_x_ = smc ( f,\ ) (324)
™

The image in the output plane is then given by sinc(“}}“‘) h(z). Figure (3.8) depicts an

arbitrary holographic image consisting of 2 spots of light in the positive first order, with its
associated sinc envelope. The figure demonstrates that most of the power of the holographic
image is confined to the first order, and that the higher orders become progressively weaker.
We redefine the amplitude of a spot of light to be sinc (%"{—’E) A,. For large N, the width
Az = %’% of a spot (see equation 3.14) is much smaller than the width of the lobe of the
sinc function, which is simply %{% This means that over the width of a spot, the slowly
varying sinc envelope is almost constant. Thus modifying equation (3.17) gives us to a good
approximation the power in one spot:

8ak?(p) . Wrz
Pp = —;-g—'slncz ( fA P) I)fn

The overall efficiency is then defined as:

_ 8aF(p) & . Wmn)
n = TES!IIC (T

When all the peaks are close to the zero order, then the diffraction efficiency n — @Sﬂl, as
before. As the peak positions {z,} — %ﬁ\j, i.e. are situated to the far side of the first order,
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close towards the second order, then the diffraction efficiency n — %;-(ﬂ;’f =] %ﬁﬂ It
is obvious that the best diffraction efficiency is achieved for spots of light directed close to
the zero order, or the optical axis of the system.
For a grating we can assume (using equation 3.19) that the power in the spot is given
by:
20

Wrz
P = - My ( P) P
¥ R?sin® (75) e fA =

But this expression can be simplified, since we know that the spot position is given by

Tp = E}%! which means that the power in the spot is given by:

8av
-P;.'} = ?Pin

The overall diffraction efficiency of a grating is then given by:

8
)
36.5%

1 =

This overall diffraction efficiency is essentially independent of the position of the spot or
the periodicity of the grating, which is intuitively to be expected.

Since the sinc envelope is very slow moving compared to the intensity distribution around
the peaks, we can assume that the SNR in the vicinity of the peaks stays the same, inde-

pendent of the presence or absence of the sinc envelope.

3.3.6 Experimental Validation of Theory

In the preceding sections we have developed theoretical expressions for the expected diffrac-
tion efficiency n and SNR. of holograms designed to steer light to one or more fanout posi-
tions. In this section, we attempt to demonstrate the validity of these derived expressions®.
Unfortunately this is quite difficult to do, since binary-phase holograms have to be gener-
ated using non-deterministic optimisation algorithms, such as simulated annealing. For a
good comparison between the theoretically derived expressions and the measured diffraction
efficiencies and SNRs of actual calculated holograms, we have to be sure that the generated
holograms are as optimal as possible. To generate the holograms, a two-stage direct binary
search simulated annealing algorithm[119] was used. Holograms were generated to fanout
and steer the light to either p = 1,3,5,7,9 or 11 random positions in the output plane. For
each fanout number p, hundreds of holograms were calculated, and the parameters of the
algorithm optimised to ensure that the best possible hologram was generated. A ‘good’

measurand hologram was ultimately selected to represent each fanout p on the basis of:

e uniformity of the output spots

3The effect of the overlaying sinc envelope is not required for the comparisons made in this section,
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Figure 3.9: Comparison of measured and predicted 1-D hologram performance i

e high diffraction efficiency
e low noise

Graphs plotting the theoretical expected diffraction efficiencies and SNRs compared with

measured diffraction efficiencies and SNRs of the optimised actual generated holograms are

shown in figure (3.9). To ensure a valid comparison between the various fanout holograms,

the ratio of the number of pixels N to the fanout p was kept a constant, N/p = 200. We
could always then assume with confidence that N > p. Table (3.1) shows the optimised
parameters of the two-stage simulated annealing algorithm, which were use to generate the .
best hologram for each fanout number. The initial ‘temperature’ is Ty, while the ‘rate of

cooling’ per iteration is Tyue. It was never possible to generate a hologram which produced

P N To Trate No. of iterations .E
1|20 85x107% 07 10
31600 30x10"% 0.25 14
5 [ 1000 35x107% 0.35 16 :
7 | 1400 35x 1073 0.2 17 j
9 | 1800 40x 1073 0.35 15 ;
11 [ 2200 40x10™® 0.25 13 .'-
E
il Table 3.1: Optimum algorithm parameters for hologram generation |||

e e

totally uniform spots in the output plane, which is the main reason for the slight differ-

1 ences between the theoretical and the measured results. As the fanout increases, it becomes
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Figure 3.10: Increase of spot intensity non-uniformity with fanout p

more difficult to ensure the uniformity of the spot intensities, so that the departure from
theoretical performance increases. The uniformity of the spot intensities was measured
by calculating the normalised standard deviation o of the spot SNRs. The almost linear
increase in normalised standard deviation o with fanout p is shown in figure (3.10). The
simulated annealing algorithm generally finds a hologram solution which has a high diffrac-
tion efficiency, but compromises slightly on the uniformity of the spot intensities. This is
probably preferable to a solution which has very uniform spot intensities, but a low diffrac-

tion efficiency.

The SNRs and relative diffraction efficiencies for various diffraction gratings and holograms
have also been experimentally measured using an FLC SLM in a 4 free-space experimental
setup, described in §4.4. The measured SNRs and relative diffraction efficiencies, described
in §4.4.3, §4.4.4 and §4.4.6, are in broad agreement with the theoretically derived values.
The values of the actual experimentally determined SNRs and diffraction efficiencies, as

well as their theoretical values, are given and compared in those sections.

3.3.7 Conclusions and Summary

We have derived theoretical expressions for the diffraction efficiencies and SNRs of holo-
grams optimised for fanning out input light into single or multiple spots of uniform intensity.
The derived theoretical expressions generally give the ‘worst case’ values for the diffraction
efficiency and SNR, typically 2% lower diffraction efficiency and 1dB lower SNR than we
get in practice. Thus they can be used as a close but slightly pessimistic guide to hologram
performance. This is still useful for engineering design, since we can always assume that the

hologram will perform better than theoretically expected. They also show that the diffrac-
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tion efficiency of holograms is generally reduced for larger fanouts. The analysis also gives
us a reference to ensure that the hologram generation algorithm is genuinely calculating
optimal holograms. Thus for a hologram of N pixels, fanning out the light to p arbitrary
positions, we can assume that the diffraction efficiency lies between 36.5% > 7 > 23.3%
and is given by:
2
%2@) (3.25)

We can also assume that the SNR of the hologram is better than:

> 4F*(p)N
“NE 7% — 16apF?(p)
> i (3.26)
2p

These equations will be useful in the analysis and design of holographic interconnects and
any fanout holograms used in telecommunications, where considerations of the power budget
and cross-talk are important. Other physical effects such as unwanted reflections will tend

to lower the SNR and efficiency. A good discussion of this is to be found in reference[90].

3.4 Deterministic Algorithm to Generate Large Holograms

3.4.1 Introduction

The analysis of §3.3 and also Appendix A.1 demonstrates the stochastic nature of binary-
phase holograms. This may be one of the underlying reasons why non-deterministic algo-
rithms, such as simulated annealing, are most efficient at generating optimum holograms.
On the other hand, for very large holograms non-deterministic algorithms become unsuit-
able. This is because they are computationally very intensive, taking a long time to generate
large holograms, and their multitude of algorithm parameters such as ‘temperature’ and
‘rate of cooling’ make it difficult to assess whether the optimum hologram is being found.
However, the Law of Large Numbers[120] can be applied to the stochastic statistics of large
binary-phase holograms. This law simply states that any fluctuations from an average in
the long run will tend to be damped out. Applied to holograms, this means that the average
component E{ak cm(wﬂ)} from equation (3.10) for an optimised hologram should
become ever closer to 2F(p)/m as the hologram gets larger. This means it becomes ever less
likely for an optimum hologram solution to exist which is better than the theoretical best.

If we assume this to be the case, then a new fast and deterministic hologram generation
algorithm becomes possible, which works with the Law of Large Numbers to give us optimum
large holograms. It operates on an ‘aperturing’ principle, in a manner similar to (but the
converse of) the analysis given in §3.3.3. We start by merely considering the two pixels at the

centre of the hologram, and calculate their required values, as if they were the only pixels of
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Figure 3.11: Arbitrary holographic image Z(z) with a fanout of p spots i

the hologram. We then chose the two pixels either side of the central two, and calculate what
values they should take on to contribute positively to the performance of the hologram, but
independently of the values of any previous pizels calculated. The process is continued with
1 successive pairs of pixels either side of the existing hologram being analysed. In such a way,
| the aperture of the hologram is steadily increased, until its full size is achieved. We assume
'! that all the independent contributions from the individual pixel pairs to the holographic
II'} image may either act positively to improve it greatly or even act to degrade it slightly, but
{ that over all, the final result will be an average holographic image, corresponding to the

‘ I theoretical best.

3.4.2 The Hologram Generation Algorithm

i In Appendix A.3 we show that large symmetrical holograms should be just as good as large
{ | non-symmetrical holograms. As such, we will assume that our large hologram has an even
symmetry. That means that the holographic image h(z) from equation (3.2) is given by a i

summation of unit cosines: ]

e 2k + 1)aWz
h(z) = kgﬂ aj cm(%—)
In this case, the coefficients {by} are all zero and it is the coefficients {a;} which need to be
determined; being either 41 or —1. Let us consider an arbitrary desired image Z(z) with
p fanout spots located at the set of positions {z;,zs,....,2z,} as depicted in figure (3.11).
Each position z in the image plane is made up of the sum of N/2 random samples of values
between +1 and —1. It is apparent that the only parameter which can be manipulated to
give the actual image |h(z)|? its desired form Z(z), is the sign of the k*" set of ‘random

' samples’. Hence ‘rules’ for an algorithm can be formulated as follows:
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e Choose ay so that the majority of the elements in the k' set of p spots

2k+1)W 2k+1)W 2k4+1)W
{on con(E50 5., 0y con(BH.1,) o con((EEEW ;)|

are positive.

e If the elements in the k' set {ak cos(m—*';mml),ak cos((%—”t;m’-zg),

. % COS(M%)} are equally positive and negative, then let aj be chosen ran-
domly to be +1 or —1.

Using these two rules, it can be seen that spots are favoured at the positions {z,z3,....,z,}
since the algorithm always tries to cause the values of the k*" sinusoid to be positive at those
spot positions and randomly positive or negative elsewhere. As N —— oo, then the spot
intensities should tend to equalise as the Law of Large Numbers takes effect and makes the
probability density functions (PDFs) of the spot positions become similar, and also since
the spot intensities are also all equally ( i.e. blindly) preferentially increased. Likewise, the
regions between the spots should tend towards zero, since they are not ‘favoured’ and the
expected value E{ay, cos (12"—"'%)&)} is then close to zero. Given the constraints of equal
spot intensity, and the essentially ‘random nature’ of the values of the component sinusoids,
this algorithm causes the spot intensities to be maximised and all the conditions outlined

above for a ‘good’ hologram® to be satisfied.

3.4.3 Final Word about Stability of Holograms

In the previous section, a distinction was made between the desired holographic image Z(z)
and the actual holographic image obtained |h(z)|* from a hologram H(X). The holographic
image h(z) is made up as a series summation of sinusoids, such that from equation (3.1) we

have: 4
)
h(z) = Ao kzz%] ag cos(——(zk +f1}31rW:n) + 7 by Sin(-————~——t2k +fl)27rW$)

This is similar to a fourier series, but with the crucial difference that the fourier coefficients
are usually continuous and both real and imaginary, whereas the coefficients of this series
for h(z), a; and by, are limited to either +1 or 0. For a fourier series, the fourier coefficients
generally tend towards zero as k tends towards infinity, so that the series converges to the
required function. But the coefficients for the above series do not tend towards zero as k
tends towards N/2 (— oo for very large holograms.) Instead, the finite coefficients always
have a modulus of unity. Thus all we can say about the series is that it lies on the boundary
between convergence and divergence; stability and instability®. This means that despite any

optimum hologram generation algorithm, the series for A(z) will not converge to the desired

1See §3.3.6 for the qualities required of a ‘good’ hologram.
5This is essentially a property of ‘chaotic’ systems, where a quasi-stochastic situation arises, despite the

deterministic nature of the system equations[121]. See Appendix A.1 for characteristic bifurcations in this
system, which act as further evidence for chaotic behaviour in this function.

45




CHAPTER 3. BINARY-PHASE HOLOGRAM ANALYSIS 3.4. ALGORITHM

image Z(z), but nor will it necessarily diverge[122]. Rather, the actual holographic image
|h(z)|* can only be a close approximation to the desired image Z(z), which is why it is

always necessarily ‘noisy’ with a diffraction efficiency that is always less than ideal.
Y y y
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Chapter 4

Holographic Wavelength Filter

4.1 Introduction

A.s described in §1.2, the main thrust of this Ph.D. has been the development of digital
holographic wavelength filtering as a new generic technology for WDM, although it has
applications in other fields requiring tunable components. Holographic wavelength filtering
is optically transparent, polarisation-insensitive, potentially low loss and allows multiple
wavelength filtering with controllable relative transmission of each filtered wavelength. In
addition, the technology offers high resolution over a large range, fast switching, low power
consumption and reliability. All of these qualities make it suitable for application in WDM
telecommunication systems, which require tunable sources and receivers, reconfigurable op-
tical amplifiers, space-wavelength switches and routers. An overview of current wavelength
filtering technologies for WDM is given in §1.2. In this chapter, the results of two experi-
mental holographic filters are presented. The first one employing a reflective, folded-back
architecture was the proof-of-principal demonstration of holographic wavelength filtering.
It was polarisation-sensitive, very high loss (~ 57.7dB), and had a resolution of 2.5nm(101].
The second, improved experimental holographic wavelength filter employing a transmis-
sive, linear 4f architecture was polarisation-insensitive, reduced loss (~ 22.8dB) and had a
resolution of 1.3nm[102].

4.2 Principle of Operation

The principle of operation of the tunable holographic wavelength filter is based on the
wavelength-dispersive nature of gratings. Polychromatic light is angularly dispersed by a
grating, since the different wavelengths are diffracted through different angles. The basic

equation[123] describing the angle of diffraction is:

sina —sinfi = ﬂ%\ (4.1)
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Figure 4.1: Diffraction of light due to a regular grating

where « is the angle of incidence of the collimated light, 3 is the angle with which the
diffracted light emerges from the grating, A is the wavelength, m (an integer) is the diffrac-
tion order and d is the spatial period of the grating. This is illustrated in figure (4.1). In
practice, we are only interested in the positive first diffraction order, such that m = +1.
Changing the spatial period d of the grating causes the angle of diffraction 8 of light of
wavelength A\ to change. This is the method to effect tuning of the filter. Using a spatial
light modulator (SLM) instead of a grating enables us to have a programmable hologram
( i.e. grating), whose spatial period d can be altered at will. A lens placed after the SLM
converts the angular-separation of wavelengths to a spatial-separation. A spatial filter can
then be used to arbitrarily select the desired wavelengths. Changing the spatial period of
the hologram displayed on the SLM causes a different angular dispersion of wavelengths,
which is then converted into a different spatial separation. Using the same spatial filter,
different wavelengths can thus be selected, and ultimately tuned to. In the experimental
holographic wavelength filter, a single-moded (SM) optical fibre acts as the spatial filter,
since it only accepts a range of wavelengths which are incident across its core. In addition,
a fixed diffraction grating is used in conjunction with the SLM. On its own, the SLM pixel
pitch is too large for useful tuning to be obtained. For 1.56pm telecommunications WDM
use, a wavelength filter needs to discriminate between different wavelengths separated by
about 0.8nm. This would require a pixel pitch of about 5um, which is to small for current
SLM technology. However, by introducing a fixed grating of that order of spatial period-
icity, then the light is sufficiently angularly spread to allow a tuning resolution of about
0.8nm. The SLM operates now only to slightly change the angle of diffraction of the light,
so allowing fine tuning. Figure (4.2) shows the concept of using a relatively coarse SLM in

conjunction with a highly dispersive fixed grating to achieve high resolution tuning. The
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Figure 4.2: High resolution tunable wavelength filter using SLM and a fixed grating

light is diffracted through a total angle of 8+ ¢, where the first angle 0 is variable and allows
the fine tuning. The angle ¢ > @ due to the fixed grating is a constant. The physical order

of the two diffractive elements can also be reversed.

4.3 Proof-of-Principle Experiment

4.3.1 Experimental Architecture

The first proof-of-principle demonstration of the holographic optically transparent digitally
tunable wavelength filter was performed using a reflective, folded back architecture[101].
The filter is shown in figure (4.3). This is a similar architecture to the Littrow configuration,
except that the input and output fibres are in different spatial positions. Light from a single-
moded telecommunication fibre (core diameter ¢eore & 9um) was collimated by a lens (focal
length f = 76.2mm) placed on-axis to the fibre. The collimated light was passed through
a polarisation-sensitive SLM! displaying a suitable hologram. Since the SLM was a binary
device using bistable FLC?, the resulting binary-phase hologram diffracted the light in a
symmetrical manner, so that symmetric negative orders always accompanied the positive
diffracted orders. This meant that more than half the light was automatically lost, since
the light was diffracted though two angles +6. Using the grating equation (4.1), the angle

0 is closely given by:
nA

~ND

!Crossed polarisers were placed either side of the SLM to give 7 binary-phase operation, and to cut out

0 (4.2)

the zero-order, undiffracted light. This made the SLM polarisation-sensitive.
*See §2.2 for a description of its characterisation.
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Figure 4.3: Polarisation-sensitive 2.5nm resolution wavelength filter

where N = 128 is the number of pixels along one side of the SLM, D = 165pum is the pixel
N

pitch and n is an integer in the range 0 — 5. The quantity 5 can be considered as
the effective spatial frequency of the hologram displayed on the SLM. The diffracted light
continued onto the reflective fixed binary grating which further diffracted the light by angles
+¢, where ¢ = A/d and d = 20pm was the spatial period of the fixed grating. The reflected
light passed once more through the SLM which diffracted it once again by angles +6. Thus
the total angular deviation ® of the light was given by ® = +6 + ¢ + 6. The light passed
through the lens once again which focused and coupled the light info the output SM fibre,
a distance z = 5.6mm from the optical axis. The output angle 8 of the light coming out of
the SLM is simply given by tan @ = z/f, so that for small # we can use the approximation
B = z/f. But the output angle f is given by the input angle with all the angular deviations
through the system added, so that § = ®. This yields the expression z/f =~ 46 4+ ¢ + 6,
which we can then rewrite as:

H
F{4+ 5+ 35 )

The two plus/minus signs in the equation tells us that there are multiple wavelengths we

(4.3)

-~

can couple into the output fibre. But most of them are redundant, since they lie outside
the wavelength area of interest. We are just interested in those wavelengths corresponding
to the positive angles, such that:

1 W (4.4)

r{a+ )

This corresponds to a tuning range of \,—g1 = 1.311pm to A,—p = 1.470pm in 64 average

steps of 2.5nm.
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Figure 4.4: Cross-section of reflective binary-phase fixed grating

The fixed grating was made by oxidising a silicon wafer to a depth of ~ 500nm. Pho-
toresist was spun onto the oxidised water and a mask used to photolithographically etch the
20pm line-pair width grating. This left a photoresist grating on top of the oxidised layer.
The wafer was dipped into HF acid which etched away the exposed oxide layer to the silicon
base. Acetone was used was used to wash off the photoresist, leaving a grating etched into
the oxide. The grating required a depth of A\g/4 ~ 370nm so as to be binary-phase at a
wavelength of about 1480nm. This was attained by placing the whole wafer into an HF
bath which continued etching the oxide grating at an estimated rate of 66.6nm/min to the
required depth. The grating depth was periodically measured using a Dektak. Finally, a
thin aluminium layer was vapour deposited onto the grating to give it a high reflectivity. A
schematic of the grating cross-section is shown in figure (4.4).

4.3.2 Results

The digitally tunable wavelength filter was successfully used to isolate the three main lasing
modes of a pump laser diode, lying between 1.446pm and 1.466pm. These modes lay
conveniently within the tuning range of the filter. Figure (4.5) shows the spectrum of the
laser diode overlaid with the passbands of four holographic filters, while figure (4.6) shows
the three modes being successfully filtered and isolated using three of the holograms. The
individual losses experienced by the three modes using holograms (a), (c) and (d) were
respectively 59.0dB, 61.8dB and 57.7dB . The FWHM of the filter passband (~ @‘—“) is

also found to be 2.5nm, and the actual passband is assumed gaussian in shape.

4.3.3 Discussion

The holographic wavelength filter was a successful proof-of-principle demonstration of us-
ing an SLM and fixed grating to achieve high resolution tuning. Unfortunately it was
polarisation-sensitive and exhibited an extremely high loss of at best 57.7dB. The high

losses are accounted for in the following table:
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SLM Losses dB
FLC Switching Angle 20 = 28°, (transmission = sin® 26), 2 passes 13.14
Diffraction Efficiency ( n = 36.5%), 2 passes 8.76
Fixed Grating Losses

Diffraction Efficiency (n = 36.5%) 4.38
Polarisation Losses

Polariser Absorption (open transmission = 18%), 2 passes 14.9
loss due to random input polarisation state of light 3.01

Sundry Losses

18 reflecting surfaces, each contributing 4% loss 3.16
Fibre/Lens coupling efficiency (~ 9.2%) 10.35
TOTAL 57.7

The majority of the loss is accounted for by the polarisation-sensitivity of the filter. Fortu-
nately it was discovered[91] that useful operation of the SLM could also be achieved without
the need for polarisers. This had the advantages of making the filter polarisation-insensitive,
as well as avoiding all the associated polariser losses. The double pass architecture of the
filter also incurred a loss of 10.95dB, since the light was diffracted a second time by the
SLM. The large angle made by the emerging light with the optical axis also lay outside
the designed numerical aperture of the lens. The lens was designed to be only diffraction-
limited up to 2° off-axis, but the light emerging from the filter was over 4° off-axis. This
contributed to the low coupling efficiency into the output fibre of about 9.2%. The higher
losses experienced by the laser modes using holograms (a) and (c) were due to the centres

of the filter passbands not coinciding with the laser modes, as shown in figure (4.5).

4.4 Experimental Linear Architecture

4.4.1 Design

Using the experience gained from the proof-of-principle demonstration, a more optimised
design for a holographic wavelength filter was developed. A linear architecture was adopted
s0 as to avoid the additional losses due to a double pass through the SLM. A single pass
through the SLM also allowed for finer resolution tuning, since the light was only diffracted
through half the angle. A schematic of the adopted design is shown in figure (4.7), and
a photograph of it is shown in figure (4.8). The filter was designed to operate at wave-
lengths encompassing the erbium window, making it relevant for application in a WDM
telecommunications environment.

Light from a flat-cleaved single-moded 125/9pum optical telecommunications fibre (with

the other end FC/PC connectorised for ease of use) was collimated by an uncoated glass
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Figure 4.7: Polarisation-insensitive 1.3nm resolution wavelength filter

doublet lens?, designed for performance in the near-infrared spectrum. It had a focal length
of f = 96.1lmm at a wavelength of A = 1.55pum, and an aperture diameter ¢ = 30mm.
The electrically addressed SLM optimised for use at a wavelength of A = 1.55um was the
same as used in the proof-of-principle experiment. It was a 128 x 128 pixellated device
with a pixel pitch of D = 165um, creating a square aperture of side L = 21.12mm. The
diagonal length of the SLM aperture was thus 29.87mm, fitting just within the aperture
of the collimating lens. The SLM was operating in its polarisation-insensitive mode[91] by
removing the crossed polarisers either side of it, which meant that it operated in a binary-
phase mode, but with the 2 possible phase modulations being either 0° or 40 = 56°. Since
it was not 7 binary-phase operation, the proportion cos? 20 = 78% of the light remained
undiffracted®. The transmissive binary m-phase fixed grating was custom made. A round
optical glass flat® of diameter 30mm and thickness 9mm and with a flatness of better than
A/10 across its surface was used as the grating base®. A layer of photoresist was spun onto
the glass flat to a depth of A,/2(n; — ng) = 1295nm, (ny is refractive index of air, n; is
that of the photoresist ~ 1.6) and then photolithography was used to selectively etch the
binary-phase grating from the photoresist. The resulting fixed binary-phase grating had a
line-pair width of d = 18um, and covered an area of 30mmx30mm. A schematic of the
binary-phase grating cross-section is shown in figure (4.9). The second fourier transform
lens was identical to the collimating lens, so that they made a pair. It was placed at an angle

of 5% to the optical axis to maximise the launching efficiency into the output fibre. The

*Manufactured by Melles-Griot, product number 06 LAI 011,

1See §2.3,3 for theoretical analysis.

®Manufactured by Comar, Cambridge.

“Such an optically flat (and hence relatively thick) element for the grating base is probably unnecessary,

since relatively slow phase changes across the wavefront should not affect the filter performance unduly.
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Figure 4.9: Cross-section of transmissive binary-phase fixed grating

lens could have been placed on-axis, but it was only diffraction limited up to 2.5° off-axis,
and so the coupling efficiency would have been lower. The output fibre was another flat-
cleaved single-moded 125/9pm telecommunications optical fibre with the far end FC/PC
connectorised, placed a distance z = 8.5mm from the optical axis, so as to spatially filter
only one diffracted order.

4.4.2 Theoretical Performance

The polychromatic light from the input fibre was collimated by the first lens and passed
through the SLM. A hologram displayed on the SLM diffracted the light through an angle
 given by 0 = “* where A is the wavelength, D = 165pm is the pixel pitch, N = 128 is
the number of mdependent pixels on the hologram, and = is an integer lying between 0 and
N/2 = 64. The quantity % is the fundamental spatial period of the displayed hologram.
The light was further diffracted through an angle ¢ by the fixed grating where ¢ = )\/d, and
d = 18pm is the grating line-pair width. The fourier transform lens converted the angular
dispersion of the light into a spatial separation z, such that z =~ f(0+¢). Thus the equation
governing the central wavelength to be coupled back into the second fibre is given to a close
approximation by:

Al (4.5)

(w5 +2)
The digital holographic filter was theoretically tunable between A,—g4 = 1509.7nm and
An=0 = 1592.1nm, giving a theoretical range of 82.4nm in average discrete steps of about
AX = 1.29nm. The change of wavelength step A\ with the hologram parameter n is linear
to within about +5% over the whole range. The theoretical 3dB-bandpass width AX pw gras
of the filter is calculated using the following equation relating the coupling efficiency of
light which is an off-axis distance z from the fibre axis. This is derived using the gaussian

approximation for fibre wave-guide modes, and free-space light modes[124]:

2 e
. %e“:ﬂﬁm (4.6)
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Figure 4.10: Off-axis coupling of light into a glass fibre

where f§ = w/r, with w being the spot radius of the fibre mode, and r is the spot radius
of the free-space light mode, as shown in figure (4.10). For the 4f design of the filter using
conjugate lenses, we can assume that [ = 1. The distance for which the coupling efficiency
is halved is thus 2,509 = VIn2w. The 3dB-passband of the filter AXpw ras is given by
the range of wavelengths coupled in over the distance 2z,_505. Using equation (4.5) and
assuming that d < D we can write:

aA
AN = —
Ax B

1
f(F5+3)
2vIn 2wd

~ 7 (4.7)

Using the Marcuse[125] approximation relating the spot radius of the fibre mode w, with

ANrwHM = 2Tp=50%

the fibre core radius @ and the fibre V number:

w 1.619 2.879
= 0.65 + m‘ + Ve

(4.8)
and assuming that the fibre cut-off wavelength is about A\, ~ 1260nm such that at \ =
1.55pm, V' = 1.96, then the relationship between the fibre mode spot-size and core radius is
w/a 2 1.29. Assuming the fibre core radius a = ¢ore/2 = 4.5um, then the 3dB-passband

of the filter is given by:

2vIn2 x 1.29ad
f

AXpwam =
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4.4.3 Results

The holographic tunable filter was used to filter the broadband amplified spontaneous emis-
sion (ASE) from an EDFA. At best, the filter exhibited a loss of 22.8dB which is 34.9dB
improvement on the original loss of the first filter. The 3dB-passband width of the filter
was found to be 2.0nm, which is slightly higher than the theoretical bandwidth 1.8nm. The
filter passband about an arbitrary central wavelength is shown in figures (4.11) and (4.12).
The hologram used for this particular filter was a regular grating with a line-pair width of 4
pixels, such that R = 2. Figures (4.13) and (4.14) shows 11 successive holograms filtering
the spontaneous emission of an EDFA. All filters showed a FWHM of about 2.0nm, but
uneven losses. The filter #8 is the same as used to record the transmission of the filter
passband in figure (4.11), and so was a regular grating. The other holograms however were
not regular gratings, which meant that their diffraction efficiencies were reduced due to the
effects of the overlaying sinc envelope, resulting in lower transmissions. From §3.3.5 we can
calculate the expected reduction in diffraction efficiencies due to the sinc envelope. Since
filter #8 is a regular hologram with R = 2 pixels per half-period, then the relative position
of its ‘spot’ in the output plane is z, = T:%* or at the midpoint of the first-order. From
equation (3.24) the value of the multiplying sinc envelope at this position is sinc*r /4 = 0.81.
Thus either side of the filter due to the grating, we should expect to see the transmissions
of the hologram filters reduced to about 81%. This is what we observe in figure (4.14), even

having taken into account the varying power of the ASE spectrum of the EDFA.

4.4.4 Discussion

From figure (4.12), we see that the transmission profile is very close to gaussian, since on
logarithmic scales, it is very close to parabolic in shape. But greater than about 3nm either
side of the central wavelength, we depart from gaussian behaviour. This is to be expected,
since the actual shape should be a Bessel function, which converges to zero slower than a
gaussian, and so has larger ‘tails’ as illustrated in the diagram. From §3.3.4 the SNR of the
filter should be about 28.1dB 7. The diagram shows that the filter has an SNR > 30dB, since
the tails are still falling at —53dB, and have not flattened out. However, the theoretical
SNR is only reached for wavelengths greater than 10nm away from the central wavelength,
due to the convolution arising from the gaussian coupling efficiency into the fibre end. In
WDM systems, wavelength spacing is of the order of 1 to 4nm [126] and for this holographic

filter an isolation of about 20dB is achieved about 3nm away from the central wavelength.

"From equation (3.23) we have SNR = 27— ‘:w —= so that for R =2, N = 128 then SNR = 28.1dB.
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The 22.8dB loss of the filter, which is still high, is accounted for in the following table:

SLM Losses dB
FLC switching angle 20 = 28°, (transmission = sin? 26), 6.57
Diffraction efficiency ( 7 = 36.5%), 4.38
Aperturing of SLM 0.79
Fixed Grating Losses

Diffraction efficiency (n = 36.5%) 4.38
Phase depth only 168° 0.05
Sundry Losses

10 reflecting surfaces, each contributing 4% loss 1.7
FC/PC patchcords uniter losses (x2) 1.14
Fibre/lens coupling efficiency (~ 42%) 3.72
TOTAL 22.8

The filter losses can be reduced substantially by using a high tilt angle FLC such that
20 = 90°, an SLM with a larger aperture, a blazed fixed diffraction grating or refractive
prism so that the fixed wavelength dispersive element only diffracts the light into one order,
anti-reflection coatings on the optical elements and fusion splicings where appropriate. A
diffraction efficiency loss of 4.38dB is unavoidable for a SLM using bistable FLC, while a
fibre/lens coupling efficiency of 60% = —2.2dB should be possible. Thus a total filter loss of
the order of 6.5dB should be possible. A continuous phase FLC, such as a nematic FLC or
Smectic A* FLC will allow hologram diffraction efficiencies approaching 100%, so reducing

filter losses still more, albeit with longer write times.

4.4.5 Temporal Modulation of Filtered Light

Since the FLC used in the SLM was not completely bistable, it required periodic refreshing
via the application of a 12kHz a.c. voltage, in order to maintain its state. In addition, the
SLM pixels were addressed in an interlaced time-multiplexed manner, so that alternate rows
of the SLM were written to. This periodic refreshing of the pixels meant that any signal
passing through the holographic filter was amplitude modulated. The effect of this can be
seen in §5.3.4 where the FLC SLM caused modulation of the tunable fibre laser output.
This modulation of the signal passing though the FLC SLM is obviously undesirable, but
will be cured by a totally bistable FLC, which does not require periodic refreshing. In the
experiment, the modulation was minimised by rotating the SLM display by 90°, so that
when each row of the display was updated, rather than a whole unique line of the hologram
being momentarily non-functional (and thus corrupting the whole hologram), only a line

across the hologram structure became momentarily disabled, leaving most of the diffractive
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pattern of the hologram intact, so that it was still mostly effective. The rotated SLM can
be seen in the photograph of figure (4.8), where it needed to be held in place by a retort
stand and supported on an adjustable jack, rather than be held in place by the designed

base.

4.4.6 Multiple Wavelength Filtering

The hologram displayed on the SLM can also be designed so that multiple wavelengths
are simultaneously filtered. This is achieved by designing a hologram with multiple spatial
periods. This is one of the interesting and significant properties of holographic tuning.
Although AOTFs [11] are able to do this in a similarly reconfigurable manner, they suffer
from significant crosstalk. A hologram was designed to filter two wavelengths simultaneously
at 1555nm and 1561.5nm. The resulting filter dual wavelength passband is shown in figures
(4.15) and (4.16). The dip in the transmission at the centre of the second passband band is
probably due to the SLM refreshing at the instant in time when the spectrum analyser was
measuring the transmission at that wavelength. The hologram was designed to have equal
passband transmissions at the two wavelengths, but system imperfections have caused the
two passbands to become unequal. At best, holograms would be designed and calculated
in-situ, so that system irregularities are automatically taken into account and compensated
for. The figures demonstrate that the transmissions at the pass wavelengths are reduced by
an average of 5dB and the SNR reduced to at best 17dB when 2 wavelengths are filtered.
This is as expected from the analysis given in §3.3.4, which predicts that the total diffraction
efficiency should decrease by about 3dB® and the transmission by a further 3dB since there
are 2 passbands into which to divide the light, so as to make a total theoretical reduction of
6dB in the transmission efficiency. The analysis of §3.3.4 also predicts that the SNR should
be greater than 13.1dB?. Multiple-phase holograms should be able to achieve such multiple

wavelength filtering with a greater efficiency and SNR.

4.5 Conclusions

Successful polarisation-insensitive holographic wavelength filtering using a combination of
dynamic holograms written onto an SLM in conjunction with a fixed grating has been
demonstrated. A high resolution of up to 1.3nm has been achieved, with filtering over a
range of about 80nm across the erbium window possible. Signal-to-noise ratios of greater
than 30dB have been achieved and simultaneous filtering of multiple wavelengths has also
been demonstrated. The results demonstrate that holographic tunable wavelength filtering

has the potential to become an important technology in WDM telecommunications systems.

SFrom equation(3.18) we find that the transmission should decrease by a factor pF?(p) = 0.5, for p = 2.
“From equation (3.22) we have SNR > '1%%‘\;[—;0, so that for p =2, N = 128 then SNR> 13.1dB.
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4.6 Holographic Wavelength Filter Design

4.6.1 Design Specifications

The two holographic wavelength filters described above have been physically relatively large,
and with a resolution of at best 1.3nm. A practical, commercial holographic filter will have
to be much more compact and also attain a higher resolution. Of interest is to determine the
minimum possible size of the holographic wavelength filter, for a given resolution. Reducing
the physical size of the filter has the additional advantages of increased portability, stability
and will require smaller sized optical elements. There are two generic architectures which
need to be considered:

e Linear 4f architecture using a transmission SLM and transmissive fixed grating
e Folded 2f architecture employing either

i) a transmissive SLM and reflective fixed grating, in a Littrow configuration

ii) a reflective SLM ( e.g. silicon backplane or phase-doubled) and transmissive fixed
grating

The proof-of-principle holographic filter of §4.3 is an example of a folded architecture with
a transmissive SLM and reflective grating, while the second experimental holographic filter
of §4.4 is an example of a linear architecture. There are two fundamental parameters which
determine the physical size of the filter: the focal length f of the lens or lenses used, and
the aperture dimension ND of the SLM given by the product of the individual pixel pitch
D and the number of pixels N along one side of the SLM. A linear architecture filter
will have a volume of the order of 4f x (ND)?, whereas a folded architecture will have a
volume of 2f x (ND)?, assuming the SLM has a square aperture. For the purposes of the
analysis, we shall assume that current specifications'” for a tunable filter for use in a WDM

telecommunications system require:

1. Tuning with a stepping resolution of < 0.8nm

2. Passband-width of filter < 0.8nm

Coherent telecommunications systems will require tighter tolerances than these, but they
are sufficient for direct detection schemes. The specification for the passband-width can be
relaxed if the filter is being used to tune a laser since the laser linewidth will automatically
narrow to a high degree. The analysis shows that there is an inverse relationship between the

physical size and resolution of the filter. A filter with a fine resolution has to be physically

YCurrent ITU standards recommend WDM channel spacings of 100GHz, which corresponds to about
0.8nm channel spacings across the erbium window.
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Figure 4.17: Wavelength filter with a linear architecture

larger than a filter with a low resolution. In addition we find that the size of the filter is
proportional to the pitch d of the fixed grating used.

| All the following calculations are performed at the standard erbium wavelength of A\, =
1.55pm, and we assume that this wavelength is situated in the middle of the tuning range
of the filter. Since the tuning parameter n varies from 0 to N/2, then n = N/4 for A = A,.
The spatial pitch d of the fixed grating has to be greater than A, for diffraction to occur
effectively and to avoid undesired polarisation effects. As the phasefront is deviated through

large angles of diffraction, the spot size of the light is also reduced, which reduces the

S ————— —— ——— — —

coupling efficiency into the output SM fibre, according to equation (4.6). As a compromise

to these various effects, an arbitrary condition we shall use in the following analyses is that [
n d > 1.5),, ( i.e. d > 2.33um). The diffraction angle ® is given by sin® = \,/d, and the

spot-size is reduced by cos ®. For this minimum value of d = 1.5),, the spot-size is reduced

to 75% of its optimum value, which limits the maximum output SM fibre coupling efficiency

to 92%. The desired resolution R of the filter is given by R = 0.8nm.

4.6.2 Linear Architecture

o A schematic diagram of the generic linear architecture for a wavelength filter is shown in
Al
figure (4.17). The equation which describes the central wavelength to couple back into the |
)
output fibre can be deduced from the diffraction angles in the system, similar to §4.4.2: |

tan " (j:_') = gin~! (-3) + sin™! (%) (4.10) I‘.

A fully linearised and rearranged version of this expression is used in equation (4.5), where
the angles can be considered small. Reducing the spatial pitch d of the fixed grating causes
the angular diffraction to become larger, and full linearisation is no longer possible. How- i

ever, the angle deviation nA/N D due to the SLM does stay small, so allowing a simplification
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to the above equation:
tan ! (E) =~ sin~! (i) + k2 (4.11)
] - d ND '
A stepping resolution of R < 0.8nm means that the change AA in tuned wavelength must

be < 0.8nm for a change in n of one ( i.e. An = 1). Differentiating equation (4.11) with

respect to n and evaluating it at A = )\, gives the condition:

A\ OA Ao
E o EL <R (412)

SN | A
ND{d 1-X2/d2 “_5}

If we assume that the SLM pixel pitch is much larger than the fixed grating pitch ( i.e.

4D >> d, and d is minimised o 1.5),), we can make a close approximation to equation
(4.12) and use it to give us the minimum allowable SLM aperture:

ND > % -2/ &
= ND > 3.36mm (4.13)

Of interest to note, is that as d — A,, then the minimum allowable SLM aperture suddenly
becomes vanishingly small. This is because the angular wavelength-dispersion of the light
suddenly starts becoming large. However, this is at the expense of a very distorted spot-size.

The filter 3dB-passband width is determined by the output fibre which couples in a range
of incident wavelengths across the finite width of its cleaved face. Light is coupled back into
the fibre with a gaussian-shaped variation in efficiency. Wavelengths incident on the fibre
at the centre of its core are coupled in with a high efficiency, whereas those wavelengths
incident at the edge of the core are coupled in with a low efficiency. This defines the pass
bandwidth of the wavelength filter. The analysis of §4.4.2 shows that the 3dB-passband-
width is given to a close approximation by the wavelengths coupled in across the fibre core
diameter ¢oore. Using equation (4.11), the spread of coupled wavelengths AAgw (which we

want to be less than 0.8nm) due to the spatial filtering of the fibre can be expressed as:

ﬂ}\gw s ﬂ"L‘a—A
dz

A=l
Alpw =~ e <R (4.14)

2 (cin—=1 A ni n_ _ 1
fsec (Sll'l q + ND) {W m}

Assuming again that 4D >> d, where d is again minimised to 1.5\, and that the 3dB-

passband width is given by the wavelengths collected across the fibre-core of diameter
Az = eore = 9pm, then equation (4.14) can be closely approximated and used to yield the

result that the lens focal length f has a minimum value given by:

3
9 ¢t:m'f!d 1\3 *
i T( @

= f > 10.8mm (4.15)
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Figure 4.18: Minimum dimensions for a 0.8nm resolution filter with linear architecture "
\
|
Once again, it is interesting to note that as d — A,, then the minimum allowable focal ol

length suddenly becomes vanishingly small.

We want the collimated light passing through the SLM to illuminate the aperture of
the SLM as much as possible. The full tuning capability of the SLM with minimum loss is I
accessed when this is achieved. Since the collimated light is gaussian in intensity distribu- f
tion, we want the 1/e? width of the beam to coincide with the SLM aperture. From simple I

consideration of gaussian optics we require: |

W _ ND |
TPcore/2 2 ]
_f__' Theore i |
ND 4%,
1 |
ol £ |
= ND 4.56 (4. 16)

The three conditions given by equations (4.13),(4.15) and (4.16) are plotted in figure (4.18),
which shows graphically how the dimensions of f and ND may vary with each other.

For use as a WDM demultiplexer all three conditions shown in the figure must be
fulfilled, so that the minimum SLM aperture must be ND = 3.36mm. For this case, the
focal length of the system is f = 15.4mm, larger than the minimum, but necessary for

efficient use of the available light. The displacement z of the output fibre is z = 13.8mm (
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Figure 4.19: Reflective holographic filter in Littrow configuration

i.e. wider than the SLM aperture.) Thus the minimum dimensions of the filter are 61.6mm

x 15.bmm (=z + %‘5—3) x 3.36mm.

4.6.3 Folded Architecture

A folded reflective architecture is attractive since it requires fewer components and would
appear to have the potential for greater compactness. A reflective architecture can be
divided into two distinct classes, as outlined earlier. The first one, similar to a Littrow
configuration is shown in figure (4.19). Its main disadvantage is that it requires two passes
through the SLM. This increases the loss by at least 4.38dB, for a binary-phase device,
and also worsens the stepping resolution by a factor of two, since the light is diffracted
thought twice the angle. Thus an SLM of twice the aperture is needed to improve the
stepping resolution to the required value. However, it has the advantage of lowering the
off-axis angle of the diffracted light through the lens, avoiding potential numerical aperture
problems, so enabling closer diffraction-limited performance. A full analysis is unnecessary,
but the basic equation describing its wavelength filtering is given below, where W is the

angle which the fixed grating makes with the optical axis:

(2] it (A — g g 200
tan (f)__sm (d) ‘I’+ND (4.17)

This yields the result that the SLM aperture has a minimum size given by ND > 6.76mm,
i.e. double the size compared with the linear case. The minimum focal length has the same
minimum given by f > 10.8mm, but since the ratio of f to ND must be f/ND = 4.56,
the focal length needs to be f = 30.8mm. This means that the minimum dimensions of
the filter are 61.6mm x 6.76mm x 6.76mm. This is basically the same as for the linear

architecture case.

68




CHAPTER 4. HOLOGRAPHIC A-FILTER 4.6. WAVELENGTH FILTER DESIGN

Mirror

Axis

Fixed transmissive grating Silicon backplane SLM
of spatial period d with pixel pitch D

Figure 4.20: Wavelength filter with a folded architecture

The second reflective architecture utilising a reflective SLM and transmissive fixed grat-
ing is shown in figure (4.20). Since there is only a single pass through the SLM, it has a
lower loss, and higher resolution. But it has the main disadvantage of the high off-axis angle
through the lens. The equation which determines the filtered wavelength is approximately
given by:

tan~! (;) ~ 2sin”~! (%) + % (4.18)
A similar analysis as for the linear architecture is applied to place bounds on the minimum
size of the system, but with the additional constraint of the numerical aperture (NA) of the
lens. The NA of the system is closely given by the angle tan~'(z/f) and must be less than
the lens NA, which we shall assume is limited to 0.5 [127]. From equation (4.18), assuming
8D >> d, to a close approximation we can say that:

2sin~"! (5)4--"’-‘i < 05

i) T ND
Ao
d 2> =55
=d > 6.27um (4.19)

Thus the spatial period of the fixed grating must be greater than for the linear architecture.
The minimum SLM aperture ND is also greater since it is roughly proportional to d and

is found in the same way as for the linear architecture:

Aod
b =12
ND > 22\/1-x/@
= ND > 589mm (4.20)

Likewise, the minimum lens focal length f is calculated from the maximum pass-bandwidth
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Figure 4.21: Minimum dimensions for a 0.8nm resolution filter with folded architecture

of the filter, and using equation (4.18):

A/\BW = A:!:Q
dz

A=2Ao

Apw =~ o <R (4.21)

saol [Daie=1 A 1. aA 2
| sec (23111 3+,—{‘r5){7v%—d I—Aﬂfdz}

This can be approximated by again assuming that 8D >> d and putting Az = ¢epre t0

yield:
2 P
¢Cﬂrcd o A_g _A_g
I'> S 12| V1@
= f > 26.3mm (4.22)

To illuminate the SLM as much as possible we have the same gaussian optics requirement:

\of _ ND
"'rd’carcfz 2
fo_
= == = 4.56 (4.23)

The three conditions given by equations (4.20), (4.22) and (4.23) are plotted in figure
(4.21) which shows graphically how the dimensions of f and N D may vary with each other.
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Figure 4.22: Folded architecture wavelength filter without a fixed grating

For use as a WDM demultiplexer, all three conditions must be applied, so that the SLM
aperture is minimised to ND = 5.89mm, and the focal length of the lens must be at least
f = 26.9mm, which is slightly longer than the minimum. The displacement of the output
fibre is # = 14.7mm. Thus the minimum dimensions of the filter are 53.8mm x 17.6mm x

5.89mm. This is smaller than any of the other architectures with a fixed grating.

4.6.4 Architectures Without a Fixed Grating

The technology of SLLMs in the future may reach the point where pixels are sufficiently
numerous and their size small enough that a fixed grating may be dispensed with altogether
in a filter design. An interesting exercise is to calculate the minimum pixel number and
pixel pitch, as well as the overall size of such a wavelength filter, if it is to have a resolution
of 0.8nm. A folded architecture in the Littrow configuration employing only an SLM to

diffract the light is shown in figure (4.22). The governing equation defining the wavelength

tan~! (;) ~ gin~! (%) — (4.24)

For the previous analyses, we assumed that the centre of the tuning range corresponded

to be tuned is given by:

with Ay, 8o that n = N/4 when A = A,. But with only an SLM containing a large number
of small pixels in the architecture a huge tuning range is available to us, most of which is
unused. We do not necessarily have to operate at the centre of it. Instead we can operate in
a section of the tuning range which gives us an optimum filter size. Hence, we now assume

that the tuned wavelength A\ = A, corresponds to the tuning parameter n = «N, where

0 < e < 0.5, such that:
g -'\n
tan™! (j'—r) ~ sin™! (a ) - (4.25)
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For the architectures with a fixed grating we defined o = 0.25, so that the middle of the
tuning range corresponded with A,, but now « is another filter parameter to be optimised.

Using equations (4.24) and (4.25), the filter stepping resolution of 0.8nm is given by:

oA A
—_— = — < R
aﬂl,\:,\o M A=M,
Ao
N < R
=N > % (4.26)

Hence we need at least 3876 pixels along one side of our SLM to achieve a resolution of
0.8nm. The filter passband width AApw which we also want to be less than 0.8nm is found
by differentiating equation (4.24). We assume that the angle ¥ ~ sin™!(nA\/N D) such that
x << f, and also that D >> al,, to yield:

AABW ~ Az gﬁ
dx A=Xs
202
AABW::A;-:% 1-’\5‘: < R
¢Cﬂ‘re ] L
f B WVD "'AOO'
beore D
¥ aR
1250D
wf 5 2 (4.27)

(8]

From the usual considerations of illuminating the SLM as fully as possible and gaussian

optics, we also have the requirement:

fo_
7 = 456 (4.28)

For the fixed grating we had the requirement that the line-pair width d had to be greater
than 1.5),, so that d > 2.33um. The SLM pixel pitch also has to conform to the same

limit, but d is equivalent to 2D such that:
D > 1.16pm (4.29)

Inspection of equations (4.26) and (4.27) tells us that we want the parameter « to be as
high as possible, to keep the number of pixels N to a minimum, as well as the focal length
f. If we were to design a = 0.5, then A\, = 1550nm would be the minimum wavelength
which we could tune to. But we want to be able to tune down to at least 1520nm, in which
case by considering equation (4.25) we require that o = 0.5 x }g—;"g = 0.49. From equation
(4.26) the minimum number of pixels now required is N = 3955. Equation (4.27) gives us
a minimum focal length of [ = 26.6mm and from equation (4.28) the SLM aperture must

be ND = 5.83mm, which corresponds to a pixel pitch of D = 1.47pum. Thus the minimum
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dimensions for a filter would be 53.2mm x 5.83mm x 5.83mm. Current technology and die
sizes would only allow pixel sizes of D = 15um, with approximately 1000 pixels[128]. Thus
a major advance in SLM technology would be required to make this type of wavelength

filter possible.

4.6.5 Summary

A summary of the minimum filter dimensions for all the analysed architectures is given

below:

Holographic Wavelength Filter:
Linear Architecture 61.6mm x 15.5mm x 3.36mm = 3.21k mm3
Folded Architecture (i) 61.6mm X 6.76mm x 6.76mm = 2.81k mm?®

Folded Architecture (ii) 53.8mm x 17.6mm x 5.89mm = 5.58k mm?®

Folded, No Grating 53.2mm X 5.83mm x 5.83mm = 1.81k mm3
N=3955 D = 147pum

As might be expected, the architecture without a fixed grating is ultimately the smallest
by volume. However, the surprising conclusion to be drawn from these results is that the
addition of a fixed grating not only provides a far higher resolution than could be obtained
with existing SLMs, but only marginally increases the physical size of the filter. Another
counter-intuitive result is that linear architectures tend to be almost as compact as those
architectures based on reflective SLMs. This is due to the numerical aperture of the lens
which limits the degree to which the light can be angularly spread and still be efficiently
coupled into the output fibre. Lenses with high numerical apertures will make small filters,
but the lenses themselves are likely to be large, thus increasing the size of the reflective
architecture again. The analysis also shows that as the fixed grating pitch d approaches A,,
then the required focal length f and SLM aperture N D becomes vanishingly small, even for
a given resolution R. However, this is at the expense of polarisation sensitivity and other
undesired side-effects, such as spot-size distortion, which may became evident under these
operating conditions. But it does offer the possibility of super-small, very high resolution
holographic wavelength filter architectures.

For polarisation-insensitive operation, the analysis shows that the size of an architecture
is proportional to the pitch of the fixed grating d or the SLM pixel pitch D if the fixed grating
is absent. Both of these pitches are limited by and must be greater than the wavelength
Ao at which the filter is operational. Thus the factor which fundamentally limits the size
of the filter is the wavelength of operation. Only by operating at shorter wavelengths can

these generic wavelength filter designs be further reduced in physical size.
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Figure 4.23: Uniform intensity light of width L incident on a grating |

| . 4.7 Temporal Dispersion of Data Stream '

The fixed grating and SLM cause the direction of propagation of the incident light to be
turned through an angle #, which has the secondary effect of causing the data to become
i ; temporally dispersed due to the changed optical path lengths. This effect is equivalent to
" | spectral broadening of the light. At high bit rates this can become a problem, since bits
will start overlapping to cause inter-symbol interference, so increasing the bit error rate. A
simplified analysis is initially carried out to demonstrate the basic mechanism of temporal
dispersion, followed by a more rigorous analysis. The degree of spectral broadening which
can be expected owing to the wavelength filter, and how it affects the maximum bit rate is

analysed and calculated. |

' |
L 4.7.1 Simplified Analysis

Figure (4.23) shows a uniform beam of light of width L, wavelength A, and with a transverse

wavefront incident on a grating of pitch d. The light is diffracted through an angle @, where

= L

| sinf = \,/d. By considering the path lengths of the two rays travelling from A to A’, and
B to B’, it can be seen that the phase front remains parallel to the grating. Before the
grating, the line A-B (transverse to the direction of propagation) is parallel to the phase
front. But after the grating, the line A’-B’, transverse to the direction of propagation, is

now at an angle # to the phase front. The front A’-B’ becomes in effect the data front, since

—

this is the front that is coupled into the output fibre. The path difference z between A’ and .
B’ is given by:

———

z = [Lsind

[
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L),
4.30
- (430
If the light is travelling with a velocity ¢, there is a temporal dispersion At between A’ and
B’ of:
M = =
¢
LA,
= 4.31
- (431)

This means that the maximum frequency fyq, at which the light can be modulated, before

bits start overlapping each other across the data front A’-B’ is:

1 |

.fma:r: = Al |

de

L),

If a minimum sized, linear architecture is used for our filter then d = 1.5\,, L(= N D) =3.36mm, '
Ao =1.55um, ¢ = 3 x 10®m/s giving us a maximum bit rate of f.. = 134Gb/s. This is not

too far above current maximum bit rates, but the expression for fa. is due to a simplified |

(4.32)

analysis and a more rigorous analysis is required. |

4.7.2 Rigorous Analysis

A more rigorous analysis to calculate the spectral broadening due to the grating needs to
include the gaussian intensity distribution I(z) of the light incident on the grating, and
assume a data stream modulation M (t) of the light. This is illustrated in figure (4.24). The

8 gaussian intensity distribution of the light I(z) is defined as:
| 2
J I(z) = e~ o7 (4.33)

At a point z on the data front A-B before the grating, the intensity at a time ¢ is given
I by S(z,t) = I(z)M(t). But after the grating we need to include the temporal dispersion
At = z/e, so that along the data front A'-B':

z'A
g "@t) = I'(e)M (t- ") 4.34
§'(, 1) I(.E]M( Lo (4.39)
‘ where 2’ is zero at the optical axis of the system, and the optical path difference is z =
z'tan@. The intensity distribution I’(z') of the light along A’-B' is also slightly different
| . from I(z). This is because the gaussian beam becomes narrower and more intense at its

centre when it is diffracted through an angle 6, so that:

I 2:’3
I ') = o " w? cos i
(2') = 2o WHews (4.35)

The total signal power P(t) along the wave front A’-B’ is given by the integration of S'(2',t)
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Figure 4.24: Light with a gaussian intensity distribution incident on a grating

along z":

P(t) =_Z I'@)M (: - c;: ;"dc) da' (4.36)

If we define a ‘dummy’ time variable T such that 7 = z'),/ cos flde, which by rearranging
also gives us z' = cosfder /A, and substitute into equation (4.36), then the total signal
power becomes a time-domain convolution:

By e SN ] I'(r)M(t — 7)dr

Ao

b 2,2
_ cosfde Iy —%5r? B '
- == /ms se T M(t—)dr (4.37)

—00
A convolution integral is solved easily in the frequency domain, where it simply becomes
the product of the frequency spectra. Thus p(w) is the frequency spectrum ( i.e. fourier
transform) of the received time-varying signal P(t), such that p(w) = P(t). We also define
the following fourier transform pairs: i'(w) & I’(t) and m(w) = M(t), and note that the

fourier transform of a gaussian is:

2
et = Ee":‘n‘ (4.38)

We can rewrite the time-domain convolution equation (4.37) as a frequency-domain product

to give:

cos Gdc i
2

pl) = ==+l
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AZw?
= SV 3 e
(]

T - Azwﬂ 3
= J;wfae 877 m(w) (4.39)
The original frequency spectrum of the data signal was m(w), but that has now been

narrowed by the filter / frequency response i'(w) to give us a received data signal of p(w).

The 1/e frequency width by which the data frequency spectrum is narrowed is given by:

1 [8d2c2
fl}'e = 2_“ /\ng

V2de
T wAow (4:40)
If a minimum sized architecture is used for our filter then d = 1.5\, w(= Nzo) =1.68mm,

Ao =1.55pm giving us a frequency broadening of fi/. = 121GHz. This corresponds to a
maximum allowable bit rate of 2 x f;/. = 242Gb/s, before temporal dispersion and inter-

symbol interference becomes a problem. Since w = ND/2, we can re-write equation (4.40)

. 22 d
W 7))
Using the results of previous analysis, such as equation (4.13) where ND > ’—\ﬁ‘—i 1—Az/d?,

as:
(4.41)

we can write:

Aod A2
ND 2 2 \1-2
1 '
d R AZ\ 2
—— B s i X
FiwD S X2 (1 dg) (4.42)

Substituting the inequality (4.42) into equation (4.41), we find that the maximum bit rate

is given by:

2V/2¢ R A2 -3
fie < " A (1-'&22)

< 121 f,,,\E (4.43)
(/]

Thus we find that the maximum bit rate is ultimately limited by the desired resolution R
of the filter, and the wavelength A, and frequency f, of the carrier wave. A filter with a
high wavelength resolution will be both large and less able to filter high bit rates. For a
polarisation-insensitive, low loss filter, the maximum bit rate is also in effect independent
of the geometry of the filter. The equation does show however, that as the fixed grating
pitch d tends towards A,, the maximum allowable bit rate increases, albeit at the expense
of polarisation sensitivity and distorted spot-gize.

The temporal dispersion problem could be solved by inserting an additional fixed grating

of the same pitch, since a pair of matched gratings cancel each others spectral broadening
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out. But placing an additional grating just before the second lens would also cancel out the
wavelength dispersive nature of the filter, and negate its operation. Another possibility may
be to couple the filtered (and spectrally broadened) light back into the output fibre, and
then couple it back out into a second free-space architecture containing just the additional
grating. This would compensate for the temporal dispersion, but would also greatly increase
the complexity of the wavelength filter. A suitably chirped fibre grating could also be used
to compensate for the filter induced dispersion.
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Chapter 5

Digitally Tunable Fibre Laser

5.1 Introduction

Tuna.ble fibre lasers will potentially serve an important function in WDM telecommunica-
tions networks, acting as stable and pure laser sources. They have a very narrow linewidth,
high output powers and large tuning ranges. This also makes them suitable for use in sens-
ing, spectroscopy and general scientific research applications, so making them an important
technology to be developed.

The first fibre lasers were already demonstrated in 1961 [129], but the lack of a support-
ing technology in glass fibres and pump semiconductor lasers meant that they became a
mere scientific curiosity, to be consigned to the graveyard of scientific history. However, the
subsequent invention in 1966 of the optical glass fibre[130] and a further 20 years of develop-
ment to reduce fibre attenuation and dispersion, as well as the development and availability
of suitable high-gain semiconductor sources (or optical pumps) all came fogether in 1985
when interest was suddenly reawakened in fibre lasers and optical fibre amplifiers with the
demonstration of the neodymium-doped fibre laser[131], followed by the erbium-doped fibre
laser (EDFL) [48] and finally the erbium-doped fibre amplifier (EDFA) [1]. The huge impact
these new technologies would have on all levels of optical telecommunications immediately
became apparent[4], and they have since been rapidly developed.

The relatively long cavity lengths of fibre lasers (often of the order of tens of metres,
although some fibre lasers have cavity lengths of only a few millimetres or centimetres)
results in very narrow linewidths and very closely spaced longitudinal cavity modes, which
enables almost continuous tuning. High output powers and efficiencies are also possible
with fibre lasers, due to the tight optical confinement of the optical fibre and the high gain
available from EDFAs acting as the gain medium. Their wavelength tunability, large tuning
range (set by the gain medium), stability and very narrow linewidths makes them suitable
for WDM telecommunications systems. They can be used as stable tunable sources in direct

detection systems, but in the longer term, their narrow linewidths will also make them
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ideal for use as tunable local oscillators in coherent detection telecommunications systems.
Modelocked fibre lasers have also been developed as efficient optical soliton generators for
use in high bit rate OTDM telecommunications systems. Coupled with their tunability, the
use of such modelocked fibre lasers in combined WDM/OTDM telecommunications systems
is currently being seriously investigated. Fibre lasers have the additional advantages that
they can be pumped with efficient and compact laser diodes, and are compatible with fibre
optic components, leading to low coupling losses with telecommunications systems. The
feature of EDFAs which makes them good travelling wave optical amplifiers is the relative
slow relaxation times (milliseconds) of the excited erbium electrons, but this means that an
EDFL has slow gain dynamics, making it unsuitable for high speed direct data modulation.
However, they can be easily externally-modulated. A review of recent research into tunable
fibre lasers is to be found in §1.3.1.

In this chapter, results are presented of a tunable erbium-doped fibre laser, tuned using a
holographic wavelength filter in conjunction with a high gain EDFA. Tuning over a range of
38.5nm in steps of 1.3nm has been achieved, with CW output powers of up to -13dBm[102].
The inherent EDFL 3dB lasing linewidth was found to be of the order of 3kHz, and the
wavelength stability was about 0.1nm. Multiple lasing has also been demonstrated, albeit

with significant mode-competition.

5.2 Experiment

5.2.1 EDFL Architecture

The tunable holographic wavelength filter used within the digitally tunable EDFL is the
same as described in §4.4. The filter had a theoretical tuning range of 82nm across the
erbium window, a passband full-width half-maximum (FWHM) of 2nm and could be tuned
in steps of 1.3nm. A schematic diagram showing the architecture of the experimental setup
is shown in figure (5.1), while a photograph of the experimental apparatus is shown in
figure (5.2). All fibre used was standard telecommunications 9/125pm single-moded fibre
with polished FC/PC connectors. Each optical element used within the fibre ring was
FC/PC compatible. The wavelength filter was placed within the cavity of a fibre ring
resonator along with the high gain EDFA. An optical isolator within the EDFA ensured
unidirectional travelling-wave operation thus avoiding spatial hole burning and multimode
lasing. A 3dB output coupler was inserted in the loop, just after the wavelength filter, for
monitoring purposes. The output coupler was placed before the EDFA so as to limit the
maximum possible output power. This was to ensure that the measuring equipment used,
such as the optical spectrum analyser, would not be damaged by high powers. Placing the

3dB coupler after the EDFA should allow higher output powers.
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Figure 5.1: Holographic digitally tunable erbium doped fibre laser

5.2.2 Roundtrip Losses

None of the optical components used in the experiment were optimised to reduce reflections

at 1.55um. The total loss through the wavelength filter was calculated as 22.8dB - as |
described in §4.4.4. The output coupler contributed a further intrinsic loss of 3dB, as well !
as an extra loss of 0.9dB due to FC/PC connectors being spliced on to the coupler fibre
ends. Each FC/PC connection contributed a further loss of about 0.2dB, so that with 5

FC/PC connections required to join the optical component into a ring loop, an additional

roundtrip loss of 1.0dB was caused. Losses due to attenuation can be ignored, since the

fibre loss is estimated as 0.2dB/km, and the fibre loop is not more than 60m. The total

roundtrip loss is estimated at about 27.7dB.

5.2.3 EDFA Specification

The EDFA used in the EDFL experiments was a Hewlett Packard EFA2002, which was
bidirectionally pumped with two 1480nm pump laser diodes. The small signal gain was at
| least 35dB (with -30 dBm input power) providing up to 14dBm output power, and a typical
| bandwidth of 40nm for a gain of at least 25dB [132]. The measured amplified spontaneous
emission (ASE) of the EFA2002, which has the same shape as the gain spectrum is shown

in figure (5.3).
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5.2: Photograph of EDFL experimental setup, with tunable filter, EDFA, 3dB cou-

Figure

pler, SLM power supply and controlling PC in view
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Figure 5.3: ASE spectrum of HP EFA2002 at a pump current of 350mA

5.3 Results

5.3.1 Tuning Range

Single-moded lasing of the EDFL was achieved over the range 1528.6 - 1567.1nm, although
with a large variation (~ 30dB) in output power, corresponding to the characteristic EDFA
gain spectrum, such that the extreme lasing wavelengths were barely above threshold. The
tuning range of 38.5nm covered the whole of the erbium window, but only used a small
section of the available 82nm range of the wavelength filter. An arbitrary group of eleven
successively tuned lasing modes' is shown in figure (5.4). The figure shows that the lasing
modes have at least 30dB side-mode suppression. Each mode is on average 1.3nm distant
from its neighbouring mode, which is in line with the expected performance of the wave-
length filter. There are variations in the relative distances of the lasing modes from each
other, however, which is probably due to the non-uniform gain spectrum, but may also be
due to the actual hologram displayed on the SLM. Each mode had on average an output
power of about -13dBm, corresponding to about 50xW. More power could be accessed by
placing the output coupler after the EDFA. The slightly ‘ragged’ appearance of some of the

lasing peaks is due to mode-hopping, where non-uniformities in the gain spectrum excite

'The EASLM had a memory capacity for 11 holograms, so that the EDFL could only be tuned to 11

wavelengths at a time.
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Figure 5.4: Eleven successively tuned lasing wavelengths

other lasing modes lying within the filter pass band.

5.3.2 Wavelength Stability

For telecommunications applications, the wavelength stability of a tunable EDFL is an im-
portant characteristic. Due to the free-space architecture of the wavelength filter, vibration
of the optical elements with respect to each other causes a slight change in the central
filtered wavelength, and hence the lasing frequency. A micron change in the position of
the stage supporting the output fibre leads to a change in the lasing wavelength of about
0.Inm. To assess the long term stability of the EDFL, an experiment lasting 3.9 hours was
performed. The EDFL was allowed to lase CW with the same hologram displayed on the
SLM throughout. Every 1.4s a reading was taken of the lasing wavelength, so that 10,000
readings were taken over the 3.9 hours. A histogram (or frequency of occurrence of each
wavelength) with a resolution of 4pm and a temporal plot of the readings are shown in fig-
ure (5.5). The histogram of figure (5.5a) shows that the EDFL had two principle modes of
lasing at 1548.71nm and 1548.80nm, separated by 90pm, as well as a couple of other modes
a further 90pm away on either side. Although the fibre laser has an almost continuous range
of longitudinal modes, spaced by about 14fm ( i.e. 14 x 10~®m), the glass flat supporting
the fixed grating acts as an additional Fabry-Perot cavity of thickness 9mm. This means

that the EDFL can only lase at the superimposed longitudinal modes due to the glass flat,
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Figure 5.5: Histogram and temporal plot of wavelength stability of EDFL

rather than at the quasi-continuous modes due to the fibre ring. The mode separation A\
due to a etalon cavity (such as the glass flat or fibre ring) of length L is given by:
A

A\ = o (5.1)

For the glass flat, we assume a refractive index n=1.47, A\, = 1.556um and the cavity length
L = 9mm which yields a mode separation AX = 91pm. This corresponds very closely with
the mode spacing as depicted in figures (5.5a) and (5.6a).

To verify that the SLM itself was not contributing further to the wavelength instability
in some way, it was removed from the cavity (thus disabling tuning) while still keeping the
fixed grating within the ring. A similar long term experiment was performed to measure the
stability of the lasing wavelength. The resulting histogram and time-plot are shown in figure
(5.6). Many more modes due to the glass flat cavity are now present in this figure, each
uniformly spaced approximately 90pm apart. The time plot of the mode hopping shows
a downward trend in the lasing wavelength in time. This is probably due to mechanical
drift of the stage supporting the output fibre. Mechanical vibration and random thermal
fluctuations of the EDFA gain spectrum would account for the spread in lasing wavelength
within each longitudinal mode. Figure (5.6a) displays more concurrent lasing modes than in
figure (5.5a). Apart from the downward trend of the wavelength with time, this is probably

due to the SLM itself acting as another Fabry-Perot cavity of a couple of millimetres width.
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Figure 5.6: Histogram and time plot of wavelength stability of EDFL with no SLM in cavity

Its mode spacing is even larger than for the glass flat, which results in the suppression of
many of the glass flat modes. This provides a mechanism to stabilise the lasing wavelength
still further, by the insertion of a very thin optical glass flat, so that only one lasing mode is
allowed. Mechanical vibrations still need to be minimised however, to reduce the wavelength

variation within the mode.

5.3.3 Fine Tuning of EDFL

Fine-tuning of the EDFL is also of interest. Figure (5.4) displays 11 successive lasing modes
of the digital tunable EDFL, in which we see that the wavelength differences between the
modes are not a uniform 1.3nm. From consideration of the filter operation, we would
normally expect there to be a constant wavelength difference between the lasing modes, but
the fact that these particular mode spacings are non-uniform leaves open the possibility
that these differences may be controlled to enable fine-tuning.

One possible mechanism for fine-tuning is to design holograms which ostensibly tune
to the same wavelength. Since a non-deterministic algorithm is used to generate the holo-
grams, there are ultimately many different possible hologram solutions. The hologram for
each solution, however, will have a slightly different fundamental spatial period as well as a
different phase profile. This theoretically means that for each hologram, a different wave-

length should couple most efficiently into the output fibre, causing the EDFL to lase at a
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Figure 5.7: Three holograms with a similar fundamental spatial frequency
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Figure 5.8: Lasing wavelengths of EDFL using the three similar holograms
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different wavelength according to the hologram displayed. This was experimentally tested
using 3 generated holograms, where each had a slightly different fundamental spatial period.
Figure (5.7) depicts the three holograms, alongside each other.

It can be seen that though totally individual, each hologram has a similar spatial period.
Each hologram was displayed in turn on the SLM, and the EDFL allowed to lase for almost
4 hours for each hologram, during which 10,000 readings of the lasing wavelength were
made. Figure (5.8) shows the resulting plot of the temporal variation in wavelength for
each hologram displayed. Unfortunately the results shown in the figure are inconclusive.
Too much mode hopping is obscuring any fine tuning which may be taking place. The trend
towards a lower wavelength is independent of the three holograms displayed, and again is
most likely due to mechanical drift of the supporting stages. In addition, the etalon effects
due to the glass flat of the fixed grating and the glass of the SLM force the EDFL to only lase
in certain longitudinal modes. If the optimally coupled wavelengths of the three holograms
lie outside these allowed modes, then the EDFL cannot lase at these wavelengths. Instead
the EDFL will only lase in the nearest allowable mode. Thus it would appear that the
use of a thin etalon to ensure wavelength stability of the EDFL would also exclude the the

possibility of fine-tuning.

5.3.4 Laser Linewidth

The very narrow linewidth Aw of the EDFL presents practical difficulties when one tries
to measure it. An attempt to measure the linewidth of the tunable EDFL has been made
using a heterodyne self-beating technique[133], incorporating a delay line and a 100.6MHz
frequency shift using an AOM. The equipment used to perform the experiment was an
Anritsu optical linewidth analyser MS9602A and Anritsu RF spectrum analyser MS2601A.
The quasi CW output from the EDFL was fed into the apparatus. The SLM required

periodic refreshing since the FLC was not completely bistable, so that the frame refresh
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Figure 5.9: Digital oscilloscope trace of EDFL output power

88 |

i )




CHAPTER 5. DIGITALLY TUNABLE FIBRE LASER 5.3. RESULTS

F i . . i . .
221dBm|----- SRR, ..... ..... @ ........... ..... _____
10dB " ] L
az1d8m |
-62.1dBm " ILJI L L n |

resolution = 100Hz  centre frequency = 100.644 MHz 20kHz /div
(a) Linewidth of EDFL due to modulation of SLM

S @ 3dB width
-37.1dBm @5* ;_ 11.2kHz o il-¥ =330Hz
10dB : - |
/div
-57.1dBm
-77.1dBm

resolution =30Hz  centre frequency = 100.644 MHz 2kHz/div
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Figure 5.10: Heterodyne measurements of the EDFL linewidth with 5km delay line
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rate was 11.2kHz. This periodic refreshing is evident in figure (5.9) where the laser output
was received by a large area photodiode connected to a digital oscilloscope which displayed
the temporal variation of the laser power. It appears that the SLM employs an interlaced
addressing scheme to its pixels, so that it requires two sweeps of the display for the SLM
to be totally refreshed. Thus the larger spike in the trace corresponds to the end of the
full refresh frame, while the smaller spike corresponds only to the end of one interlace.
Figure (5.10) shows the radio-frequency plot of the measured beating frequencies and the
resulting comb-like array of frequencies in the RF spectrum of the EDFL, each with a
separation of 11.2kHz corresponding to the SLM refresh frequency. Thus the SLM chops
up the laser linewidth into a series of harmonics. Figure (5.10b) shows a higher resolution
plot of two of the harmonics. To confirm that the harmonic comb of frequencies evident
in the RF spectrum is due to the SLM modulating the laser output, the linewidth of the
EDFL was measured with the SLM removed from the cavity. This made the EDFL non-
tunable and also reduced the roundtrip losses, so substantially increasing the output power.
The resulting EDFL had a non-modulated CW output, and the linewidth? measured using
the self-heterodyne technique is shown in figure (5.11). The linewidth measurement shows
that only one fundamental lasing mode is present; the neighbouring ‘modes’ suppressed by
> 40dB are an artifact due to reflections in the system. The self-heterodyne technique relies
on splitting the light into two, delaying the first signal sufficiently to make it incoherent
with respect to the second signal, and frequency shifting the second signal via an AOM.
The two signals are then mixed again to give a true reading of the linewidth. Unfortunately,
the narrower the linewidth, the greater is the delay line required to make the one signal
incoherent with respect to the other. If the first signal is still slightly coherent with respect
to the second signal, then the linewidth is measured to be narrower than it really is. In
addition, the resolution of the system is proportional to the delay, so that a higher resolution
requires a longer delay line. Unfortunately, a sufficiently large delay line was not available
to give the resolution required to measure the linewidth completely accurately. However, by
extrapolation of the measured linewidths for various delay lengths, and also comparing the
results with those measured for broader linewidth laser sources, a good approximation for
the linewidth was calculated. The following table shows the measured linewidths (without

the SLM in the cavity) for various delay lines:

Delay Line: 5m 5km 14.6km
System Resolution: 20MHz 21.7kHz 6.7kHz
Measured linewidth (Av,): <30Hz  330Hz 1.7kHz

*The laser FWHM linewidth Aw is in fact given by the half-width half-mazimum of the curve (Avy,)
experimentally measured using the self-heterodyne technique.
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Figure 5.11: Heterodyne measurement of the EDFL linewidth without SLM in cavity, 5km
delay line

From the table, we can see that the inherent EDFL linewidth Aw lies within the limits
1.7kHz < Av < 6.7kHz. By extrapolation of the results from the above table we find that
the inherent linewidth converges to Av ~ 3kHz. Thus the intrinsic linewidth of the EDFL
is of the order of 3kHz, but modulation by the SLM produces a comb of frequencies, so that
the actual linewidth of the EDFL becomes approximately 100kHz, which is relatively large
for a fibre laser.

However, a fully bistable FLC SLM requiring no refreshing used within the cavity of an
EDFL should allow a narrow linewidth of about 3kHz.

5.3.5 Characteristic LI-Curve

The characteristic plot for the EDFL operating in CW mode is shown in figure (5.12). The
EDFA used in the EDFL did not allow variation of the pump current, so a variable neutral
density filter was used to vary the loss in the cavity, while keeping the gain constant. Due
to mode-hopping the curve is not as straight as would be expected, but it displays the fea-
ture generally seen in a laser ‘LI-curve’, principally a clear transition between spontaneous
emission and lasing behaviour. Threshold occurred for a neutral density filter transmission
of about 18%. Since the maximum integrated output power of the EDFA is about 20mW,
for a pump current of 350mA, we assume that the pump power must also be of the order
of 20mW. The output power slope efficiency is estimated to be about 0.14%. This is a low

figure because of the present relatively high loss of the wavelength filter.
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Figure 5.12: Characteristic curve for the EDFL

5.3.6 Simultaneous Multiple-Wavelength Lasing

A hologram with a mixed spatial frequency was designed to allow the EDFL to simultane-
ously lase at 1562.5nm and at 1556nm. The filter passbands for this hologram can be seen in
§4.4.6. The spectral plot is shown in figure (5.13). Unfortunately due to the gain medium
being relatively homogeneous and dependent at the two wavelengths, mode competition
meant that the lasing mode powers fluctuated considerably. Figure (5.13) is a ‘snapshot’

of when the two modes were lasing equally for an instant. The power in each mode is also

-30dBm
5dB " ; ; : ! 1
/div one lasing mode / second lasing
mode at 1562.5nm
-40dBm| - @t 1556nm o sl [T
(<)
o
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Figure 5.13: Two competing lasing modes at 1556nm and 1562.5nm
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considerable lower than usual, since only half the EDFA power is available to each mode,
the hologram has less than half the usual diffraction efficiency for each the two wavelengths,
and a 10/90 coupler was used to output the lasing power. For successful stable multiple
lasing to occur, each wavelength requires an independent gain medium, so as to avoid mode
competition. In a totally homogeneous broadband gain medium, mode competition occurs,
whereas gains for the various wavelengths in an inhomogeneous medium are relatively inde-
pendent of each other, so allowing stable co-lasing. The EDFA lies somewhere in between
the two extremes, since the gain spectrum is relatively uneven, as shown in figure (5.3), and

so only limited co-lasing is possible.

5.3.7 Q-switching

The SLM modulation of the light in the EDFL cavity can cause Q-switching, when the
refresh frequency is relatively slow. Whenever the hologram is written to the SLM (rather
than just refreshed) the cavity loss is sufficiently high to bring the EDFL below threshold
and stop lasing action. The FLC SLM operates in the required manner even when high
optical powers are incident upon it, and so it is also suitable as the tuning element in a
tunable soliton generating EDFL, where the peak powers are very high. It may be possible

for the SLM itself to be also used to modelock the EDFL, and generate ultra short pulses.

5.4 Conclusions

In this chapter we have described the performance of an EDFL which is digitally tunable. Its
tuning range of 38.5nm is comparable to the ranges of existing tunable EDFLs as described
in §1.3.1, and is tunable in steps of 1.3nm. We have measured an ultra-narrow inherent
linewidth of the EDFL of the order of 3kHz. The linewidth was broadened to about 100kHz
due to modulation of the SLM as it refreshed the displayed hologram. A truly bistable FLC
SLM will not need refreshing, so that optimising the FLC used in the SLM should allow
true CW, ultra-narrow linewidth operation of the EDFL to occur. The EDFL exhibited
single-moded behaviour due to its unidirectional ring architecture. Uniform output powers
of about -13dBm were achieved. By placing the 3dB coupler after the EDFA, rather than
directly after the filter, it should be possible to achieve EDFL output powers of the order
of 10dBm. The wavelength stability was measured to be of the order of 0.1nm, which was
due to mechanical vibrations of the optical components. A compact design incorporating
GRIN lenses rigidly attached to the fixed grating and SLM, with no free-space section as
such, should greatly increase the wavelength stability. Retuning of the EDFL is estimated
at around 5ms, which corresponds to the time taken to write a new hologram to the SLM.
Using a suitable direct addressing scheme to the SLM pixels, it should be possible to take

advantage of the high speed switching of bistable FLCs, and achieve retuning in the order of
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20ps [134]. The digital hologram displayed on the SLM can be tailored to tune to multiple
wavelengths simultaneously. A suitably inhomogeneous EDFA should allow the EDFL to
lase at a comb of stable frequencies, without mode competition causing large fluctuations

in the power of each lasing mode.
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Conclusions

In this dissertation a new technique for high resolution wavelength filtering has been pre-
sented. Holographic wavelength tuning may find a principal application in WDM telecom-
munications systems, where tunable sources, filters and receivers are required. It can be
used within a holographic space-wavelength switch, allowing arbitrary switching and shuf-
fling of the wavelengths between the fibres. Dynamic gain equalisation is an important
issue which can also be addressed using holographic tuning. The holographically tunable
erbium-doped fibre laser may also find use as a source in a WDM network or as a local

oscillator for coherent detection. The advantages of holographic tuning are:

e optical transparency

polarisation insensitivity

digital, fast, fail-safe operation and robustness

e fine resolution over a large wavelength range

multiple wavelength operation

e low crosstalk

We have demonstrated a wavelength filter with a 3dB passband of 2nm, tunable over 82nm

|
' in average steps of 1.3nm, with greater than 30dB sideband suppression a distance of 10nm

from the passband centre. Multiple wavelength filtering has also been demonstrated, al-

though with a reduced sideband suppression of up to 17dB and higher loss. The present loss
‘ of the filter is 22.8dB, which is still unacceptably high. However, it should be possible for
| this to be reduced to about 6.5dB. The wavelength stability of the filter due to mechanical
| vibrations is about 0.Inm. The physical dimensions of the filter were 384.4mm x 150mm
x 150mm. It should be possible to build to build a wavelength filter with a resolution of
0.8nm having dimensions of 61.6mmx 6.76mm x 6.76mm. The filter should also be able to

carry data at up to 242Gb/s with minimal distortion due to chirp from the fixed grating.
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Figure 6.1: Exploded 2f compact 3 x 3 space-wavelength switch

The tunable erbium-doped fibre laser was tunable over a range of 38.5nm across the
erbium window in discrete steps of 1.3nm. Output powers of up to -13dBm have been
measured, although output powers of 10mW should be possible by using a different EDFL
architecture. The inherent 3dB laser linewidth of the EDFL was measured to be of the
order of 3kHz. The wavelength stability due to mechanical vibrations was about 0.1lnm.
Simultaneous multiple wavelength lasing action was also successfully demonstrated.

The theoretical section of this dissertation makes predictions of the expected perfor-
mance of binary-phase holograms, which have been broadly confirmed by generated holo-
grams used in experimental systems. The theory shows that the maximum diffraction
efficiency we can expect from a binary-phase hologram is 36.5%, which is reduced as the
hologram is required to fan out the light. The theory also shows that hologram SNR or
noise suppression can be arbitrarily increased by using more pixels, and that the SNR of a
hologram should be greater than N/2p, where N is the total number of pixels, and p is the

hologram fan-out into one order.

6.1 Further Work

Although much has been demonstrated in this dissertation, there is still a lot of exciting
work to be done in the area of holographic switching and filtering. In addition to the refining

of the current devices to achieve better performance, there are still major proof-of-principle

experiments to be performed.
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Figure 6.2: Packaged 3 x 3 space-wavelength switch

6.1.1 Low-loss Compact Space-\ Switch

The wavelength filter presently has a high loss which needs to be reduced substantially
before it can be considered for use in a commercial optical telecommunications network. As
highlighted in §4.4.4, a loss of only 6-7dB should be possible. This can be achieved by the
use of a blazed fixed grating or refractive wavelength dispersive prism instead of the binary-
phase diffraction grating. A high tilt angle FLC (@ = 90°) or the use of a phase-doubling
architecture such as a quarter-wave plate/mirror combination or polymer cholesteric liquid
crystal (PCLC) mirror in conjunction with a FLC with tilt angle # = 45° and a double pass
through the FLC cell, as described in §2.3.2, would lead to higher diffraction efficiencies.
Anti-reflection coatings on all the surfaces, and using large aperture lenses with a large
numerical aperture would greatly increase the coupling efficiency between the fibres. The
currently unused extra dimension of the SLM can also be used to add functionality to the
switch, such as to make it into a space-wavelength switch. This would serve a very important
function in dynamic wavelength-routed optical networks as an add-drop node. Figure (6.1)
shows an ‘exploded’ concept for a polarisation-insensitive, optically transparent, compact,
low-loss space-wavelength switch, utilising all the ideas developed in chapters 2 and 4. The
switch acts as a 3 x 3 fibre cross-connect, but can also perfectly shuffle wavelengths between
the various fibres. It may be possible to use a GRIN lens instead of a bulk refractive
lens, but the limited NA and aperture of a GRIN lens will tend to limit the number of
fibres possible to interconnect. Figure (6.2) shows how the packaged device might look.
The analysis of chapter 3, however, indicates that the diffraction efficiency of binary-phase
holograms tends to reduce as it is required to perform ever more fanning out. Thus the
transmission loss of the space-wavelength switch will tend to increase as it is required to
perform more complicated switching operations. The use of a continuous-phase FLC SLM

may permit more efficient switching, although at the expense of polarisation sensitivity.

97

B




CHAPTER 6. CONCLUSIONS 6.1. FURTHER WORK

6.1.2 FLC Technology

A high tilt angle ( i.e. & = 90°) FLC is required to improve the hologram diffraction
efficiency. Unfortunately this is normally at the expense of switching speed. However, a
FLC with a switching angle of 45° in conjunction with a quarter-wave-plate can also be used
to increase the diffraction efficiency. A fully bistable FLC is also required so that the pixels
on the SLM require no periodic refreshing. Currently, the SLM refresh modulates any signal
passing through, leading to large signal degradation. An additional advantage of bistability
is fail-safe operation of the device. In the event of a power failure, the SLM will still continue
to diffract the light, and the device still operate, albeit without reconfigurability.

6.1.3 Apodisation

A filter for use in WDM networks with a rectangular passband is becoming increasingly
desirable[22]. The relatively long ‘tails’ of the gaussian passband are undesirable, since
crosstalk tends to be high. In addition, a flat passband has a greater wavelength misalign-
ment tolerance, and better cascadability. Possible means to reduce the long gaussian tails
include changing the output fibre end, so as to alter the coupling characteristic. A concave
fibre end or a tapered polished fibre end may be sufficient. A suitable phase-plate before
the second lens, to filter out the higher angles, may also be a solution. Finally, a lensing

system incorporating additional spatial filtering could also be considered.

6.1.4 Continuous Tuning

Continuous tuning of the wavelength filter is desirable. This can most easily be achieved
by using a continuous phase hologram. Careful design of the binary-phase hologram and
defocussing of the spot, on the output fibre may also allow continuous tuning, but this would

be at the expense of reduced coupling efficiency, higher cross-talk and a wider passband.

6.1.5 Dynamic Spectral Equalisation

The holographic wavelength filter can also be used for the active management of WDM
channels. In WDM telecommunications systems dynamic spectral equalisation is required
since individual channel powers will tend to vary over time due to variable path losses, wave-
length dependence of passive optical components and most significantly as a result of the
non-uniform EDFA gain profile. A proof-of-principal demonstration of active holographic
spectral equalisation for WDM has in fact been performed[103] by the Author! in collab-

oration with A.D.Cohen. A copy of the manuscript, with the results of the experiments,

! Although the topic falls comfortably within the scope of this dissertation, meriting a chapter of its own,
lack of time has meant that full, detailed research into the topic has not been possible within the time
constraints of the Ph.D.
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submitted for publication in Photonics Technology Letters is to be found in Appendix B.
We have managed to control five WDM channels spaced by 4nm to reduce an input power

variation of 8.5dB down to 0.3dB, while also providing gain of up to 3.3dB. In addition, an

unused wavelength channel was ‘knocked’ out and the ASE suppressed by at least 18dB.
Future work will involve the control of a greater number of more closely spaced channels (re-
flecting the present I'TU standards of 0.8nm channel spacing), to provide greater individual

channel gains, and higher suppression of ASE noise,

6.1.6 2-Dimensional Hologram Analysis

Although 2D holograms have been dismissed as finding no practical application (!) [135], a
continued theoretical analysis of 2D holograms is required, so that the expected performance
of 2D holograms in space-wavelength switches can be used within the design process. An
analysis of multilevel phase holograms would also allow comparisons to be made between

the performance of binary-phase and higher level phase holograms.

6.1.7 Semiconductor SLM

A semiconductor based SLM may enable very fast space-wavelength switching. Although
the switch does not have to switch at the bit rate ( i.e. of the order of 100ps at 10Gb/s),
a switching time measured in microseconds is arguably too slow. Semiconductors, such
as silicon (Si) and gallium-arsenide (GaAs), are transparent to infra-red light, and the
plasma effect allows the local refractive index in the material to be altered by the injection
of charge. A pixellated transmissive semiconductor SLM with different refractive indices

means different optical path lengths, and thus variable phases. This electronic effect occurs
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over time scales measured in nanoseconds, and so is three orders of magnitude faster than
LC effects. As a guide, a change in carrier concentration of about 10%*m~2 should cause
a 1- 2 % change in the refractive index[136]. A change in the local transmission of the |
semiconductor is also to be expected, due to the Franz-Keldysh effect, but it should be |
relatively small. Figure (6.3) depicts a space-wavelength switch using a transmissive Si-

SLM to provide phase modulation in conjunction with a refractive prism which provides ‘
the high fixed wavelength dispersion. A silicon based SLM is potentially cheaper than GaAs,
but it is likely that GaAs has the greater plasma effect, thus requiring substantially lower

currents and power.
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Appendix A

Appendix to Holographic Analysis

A.1 Justification of Basic Assumptions

The basic assumption underlying the mathematical analysis in §3.3 is that the quantity
‘(:os(m“ﬁ};ﬂﬂﬂ)’ can be considered a random variable. If it is a random variable then
it will have an associated probability density function (PDF). To simplify, we need only
consider the expression cos(m.X) which exhibits the same properties of the original quantity;
namely the taking of the cosine of a constant X (= "%tﬂ) being multiplied by an integer
m (= 2k + 1) varying from 1 to N. The statistics of our random variable cos(mX) can also
be found by analysing the function cos(z) for z = 0 to 2. We assume that the system is
ergodic, such that the statistical properties of an arbitrary sample function cos(nX) are the

same, whether it is considered as

e a function over X-space (with X varying from 0 to 27) and constant n (where 1 <
n < N)

o the n'" sample function from an ensemble of N random variables {cos(mX)} for m = 1

to IV, and with constant arbitrary X.
The PDF of an explicit function y = f(z) is proportional to the inverse of its derivative:

1
PDF(y) o< 7
£
In our case, the explicit function is y = cos(z), so that % = —sin(z). Hence:
1

PDF(y)
l—y

2

It can be seen that the curve is asymptotic at -1 and +1. We need to find the constant of
proportionality a, so that the total area under the curve is equal to 1:

1
(9 3
———dy =1
_/I\/I—?J"'J
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This yields the result that o = % Hence:
1 |
PDF(y) = (A.1)

/1 —y?
This equation gives the curve shown in figure (A.1). One further useful quantity we need |
to have is the expected value of cos(z) given that cos(z) > 0. Mathematically expressed

| we need to calculate E{|cos(z)|}. This is found to be 2, by solving the following integral:

’ _
‘, /;dr - (A.2) !
, 1—y T

The validity of our assumption that the system is ergodic can be tested ‘experimentally’ by
finding the frequency of occurrence (equivalent to PDF) of values of cos(m X ) for X = 0.5 (an
arbitrary value in radians) and m increasing in integer steps from 1 to 10,000. Allowing m to
increase up to 10,000 corresponds to a very large one-dimensional binary-phase hologram
consisting of 10,000 pixels. This results in the frequency distribution (PDF) shown in
figure (A.2). It can be seen to match closely with the theoretical PDF of equation (A.1)
plotted in figure (A.1); both have a mean of zero, are symmetric about zero and have
asymptotes at +1 and —1. As we allow m to increase towards infinity (implying ever larger
holograms) then the frequency distribution will tend even closer towards the theoretical
PDF. The ‘experiment’ is repeated for X varying from 0 to # radians and m varying from
1 to 10,000 to give the 3D ‘valley landscape’ result shown in figure (A.3), depicting the
PDF's for all values of X. The figure demonstrates that all the PDFs for each value of X
possesses the same generic ‘U-shape of figure (A.1), albeit with variations'. Hence to a

good approximation we can assume that the statistics of the system remain the same for

all values of X. The two main results which we will use in our analysis are as follows:
o E{cos(mX)} =0

o E{|cos(mX)|} =2

n

These two results are essentially independent of 7 and X, and whether the ‘sin’ or ‘cosine’

function is used.

'Of interest is to note that for certain values of X, the resulting PDF is not smooth, but contains ‘teeth’-
like irregularities, whose repetition-frequency doubles every time the value of X is halved. Such behaviour is
reminiscent of the bifurcating to be found in chaotic systems, such as the ‘logistic equation’[137]. This may

be an indication as to why the best hologram generation algorithms are often non-deterministic in nature.
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Probability Density Function of y=cos(x) |

25 ' y : - : . r ; : '
2
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=
a
1} |
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Figure A.1: PDF of the function y = cos(z)
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Figure A.2: Frequency distribution of cos(mX) for X = 0.5 and m = 1 — 10,000
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Figure A.3: PDF's over the range 0 to 7 radians

A.2 Geometric (Binomial) Series Results

The expression (1 + )" can be expressed in a binomial series expansion as:

n

(144" :Z Bn!

o ¢n—q)!

hence for g = 1:

n

|
2.“_ . Z T:
=0 @' (n—q)!
The series is symmetrical about the central element. So for n = even number, we can write:

a—1

n!
'22 .f.l.lni

q= l]qI I_'q g

Hence by simple algebraic manipulation we get:

a1
P n! 1f... nl
E I(n— q)! =3 (2 r%g) (A-8)

n
=0 T 3

Using the result of equation (A.3) we can find an expression for the series:

n_
5—1

(n — 1)!
2 (g —1)(n - q)!

q=0
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We first need to make the substitutions: p = n—1 and [ = ¢ — 1. Since n is an even
number, then p must be odd and a binomial expansion of 27 will contain p+ 1 terms. Thus
a summation from 0 to § — § contains (§ + 1) terms ( i.e. half the series.) Thus we can

write:

[
-

p! B
& Up-0 Zl‘(p—l
1

= =2F
2

Substituting p = n — 1 back into the expression gives us:

B

r,;) (g—Dlin—gq)! 4 (A.4)

A.3 Non-Symmetric Holograms

In this Appendix, we demonstrate that the results derived in the main body of the text
for the case of an evenly symmetrical hologram are the same as for a hologram with odd
symmetry; as well as for a hologram with no overall symmetry. We still assume that we can
consider the expressions ‘cos(@lﬂiﬂ)’ and additionally ‘sin(%):—mﬂ)‘ as random
variables. We also assume that both random variables have an equal chance of being positive

or negative such that:

pmb{cos(%)>0} = 1/2
and pr'r}b{sin(%)>0} = 112

These assumptions are underpinned with the justifications as given in Appendix A.1.

The expression for the amplitude of a single spot of light at z, due to a general non-

symmetric hologram is given from equation (3.1) by

h(zp) \/7W11’ P‘“222 E g co (&%) +jbk5m(___(2k +}3\1sz)

We represent the amplitude expression %W %2 by the symbol Ag in order to make

the algebra clearer. We define the modulus of the expected amplitude of the spot of light
as A, = |E{h(zp)}|, which gives us

Ap = IE{h(ﬁLp]}l
L
= P40 = con(BE D0 ER) (B D)
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&1
Ag t E {a;,. cos(w) + by sin(M)}
k=0

Since the expectation value within the summation is ultimately a constant independent of

I3 I3 |
-1 : 1 '
& i ,2, E {ak cos(w‘—‘L})fW—m”) +jbksin(%)} (A.5) i

k and the summation (with respect to k) is a real function, we are justified in placing both
the modulus function and the expectation function within the summation. We now wish to
calculate the expected value of the k** component of the summation:
2k + 1)7Wa w2k 4+ 1) nWz,
E < aycos v(————-m—p) b.51n(4—§a)}
[ awoon (FE) 4t 2

We know that the set of coefficients {ax, b} are chosen so as to maximise the spot inten-

sity, which gives us a starting point to calculate the maximum possible value of the above
expression. We can choose our values of a) and by for a particular k& by comparing the two
results from the functions:

(@) |cos ((2k +}‘);TW:EP) i ((Zk +;;NW.’5,,)
If the first result is larger than the second result, we let a;. = +1 (depending on the sign of
the first result) and by = 0. If cos (mﬁ“n}:}iﬂ) is positive then we put ax = +1, but if it

is negative then a; = —1. Conversely, if the second result is greater than the first, then we

and (i)

let by = £1 (depending similarly on the sign of that second result) and a; = 0. In this way,
we are always causing the summation components at the spot position z;, to add up by as

much as possible. The coefficients ay, and by are orthogonal to each other, such that:
e If @ = &1 then by =0
e If b = 41 then a; =0

We can calculate analytically the expected value from such an algorithm by substituting
the variable X = E’E—Jr—%wf—"ﬂ and finding E{max(| cos(X)|,j|sin(X)[)}* for -7 < X < .
Figure (A.4) illustrates that by considering A’ between the limits of —§ and +7, the average
value of | cos(X')| for the case when |cos(X)| > |sin(X)| lies between 715 and 1. The actual

expected value of | cos(X)| for this case is given by:

E{| cos(X)| > [sin(X)]} = ——pr (A.6)

= 2 [sin@)],

22

m™

*The function max(z,y) is defined to evaluate the magnitudes of the two arguments = and y, and then

to return the value of whichever of the two is the greatest.
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A
1 Isin(x)l
ok,
N2
lcos(x)l
1 - x

w0 Y Y

Figure A.4: Plots of | cos(X)| and |sin(X)| for -5 < X < §

This result is the same for the converse case E{|sin(X)| > |cos(X)|}, i.e. the average
value of |sin(X)| for the case when |sin(X’)| > | cos(X)|. By considering figure (A.4) it is
apparent that for half the time |cos(A’)| > |sin(X’)| and for the other half the opposite is

true. Thus overall, the expectation is:
E{max(| cos(X)|,j|sin(X)])} =

= |E{| max(cos(X)|,j|sin(X)|)}| =

is:

Il

[ 3|2

Thus we know that the absolute value of the expectation for a non-symmetrical hologram
- ((QL + l)irW.'c,,) r ’sin ((2:‘» + l)wW:.cp)

o {ma ( X 7 2D

o v (D) ()

If the hologram has an odd symmetry then we need only consider E{|jsin(X)|} and

ignore the possibility of using cos(X') to ‘increase’ our average. We find that the expectation

for such a hologram is:

}rsin(z:)d:r
B{|sin(X)}} = *—
= ~[-cos(@);
2
= = |
= ’E {jbk sin (—(% +f12\ﬁw%)}| -?2; |
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APPENDIX A. APPENDIX A.4. STERLING APPROXIMATION FOR F(P)

The expectations for the non-symmetrical and odd-symmetrical cases are the same as for
the case of a hologram with even-symmetry, as calculated in equation (3.4a). This tells us
that large symmetric or anti-symmetric holograms should have the same performance as
holograms which do not have any such symmetry, such as those holograms produced by
simulated annealing. Obviously, for smaller sized holograms there is a greater scope for op-
timisation, since the statistics of the ‘random variables’ will show greater fluctuations. But
as the size of the hologram grows, then these statistical fluctuations are damped down, and
we should find that non-symmetric holograms converge to produce the same performance

as symmetric holograms.

A.4 Sterling Approximation for F(p)

The function F(p) is given by:
2ty — P!
F(p) = AL (A7)

and is already a small neat expression, but we can simplify it further by use of the Sterling

Approximation:
pl = pPe P/ 2np (A.8)

Substituting equation (A.8) into equation (A.7) we get:

1 pPeP\2np

F(p) =~ P e 2 2
{®)* e bvmm)

1 pPe P\[2mp

2 (3) evmp

2

i (A.9)
p

R

This expression for F(p) is derived using the Sterling Approximation which becomes in-
creasingly accurate for high p, but is still surprisingly accurate for low values of p. Figure
(A.5) plots the exact solution to ﬁ,‘gjf‘g" against the derived approximation \/;ZP , a8 p varies
from 1 to 20. We see that for p = 1 the exact solution is 1, whereas the approximation gives

0.80, but that as p increases the two curves rapidly converge.
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APPENDIX A. APPENDIX A.4. STERLING APPROXIMATION FOR F(P)

F(p)

0.8 Approximation: F(p) = anp

06}

1
Crosses (exact): F(p)=——
(exact): Fipy=_ @

041

0.2}

Factor by which amplitude of light is reduced

T 2 4 6 8 10 12 14 16 1820p
Fanout of hologram (p)

Figure A.5: Plot of F(p) against its approximation
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Digitally Tunable Wavelength Filter and Laser

M. C. Parker, Student Member, IEEE, and R. J. Mears

Abstract— A novel nonmechanical, digitally tunable, polar-
ization insensitive and optically transparent wavelength filter
using holograms electro-optically written on a ferroelectric liquid
crystal (FLC) spatial light modulator (SLM) has been constructed
and operated to tune to discrete wavelengths spaced by 1.3 nm,
The filter has been incorporated in a ring laser which is tunable
over a range of 38.5 nm across the erbium window, giving
output powers of 10 mW. Both wavelength filter and tunable
laser are suitable for wavelength division multiplexing (WDM)

applications.

1. INTRODUCTION

HE high bandwidth offered by optical fibers used

in communications networks is currently most easily
accessed using wavelength division multiplexing (WDM)
schemes. Such schemes may require tunable components
such as sources, filters and receivers, which can be tuned
precisely and reliably for particular wavelengths within a tight
tolerance [1]. Tunable fiber ring lasers have already been
demonstrated using a variety of tuning mechanisms [2]. We
have previously demonstrated a polarization sensitive tunable
filter [3] and more recently polarization insensitive operation
of a ferroelectric liquid crystal (FLC) spatial light modulator
(SLM) [4]. In this letter, we describe a novel digitally
tunable wavelength filter and fiber ring laser. The tuning
mechanism comprises a free-space high spatial frequency
fixed grating in conjunction with a polarization-insensitive
relatively low spatial frequency FLC SLM. The digital,
nonmechanical architecture of the laser potentially offers the
stability, reliability and repeatability which is necessary for
telecommunications system usage.

II. WAVELENGTH FILTER DESIGN

The construction of the filter and laser is shown in Fig. 1.
Light from an input single-moded communications fiber (¢, =
9 um) aligned along the optical axis is collimated by a doublet
lens optimized for use in the near-infrared and of focal length
f = 96.1 mm. The beam is passed through the SLM and
diffracted by the displayed binary phase hologram, which
is effectively a 1-D grating. The diffracted orders are then
further diffracted and angularly dispersed by a fixed binary
phase grating, which has been optimized to give a 7 phase
change at a wavelength of 1550 nm. The light then passes
through a similar doublet lens which spatially separates the
angularly-separated diffracted orders. The second lens is also
placed at an angle of 5° to the optical axis, so as to optimize

Manuscript received February 2, 1996. This work was supported by the
EPSRC for a quota award (MCP) and under Grant GR/J 44 771 (POETS).

The authors are with the Department of Engincering, Cambridge University,
Trumpington Street, Cambridge CB1 2PZ. UK
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Fig. 1. Digitally tunable filter and fiber laser.

the coupling efficiency of the output fiber placed a distance
z = 8.5 mm from the optical axis in the focal plane of the
second lens, which collects light from only one diffracted
order. Thus for a particular hologram displayed on the SLM,
only one wavelength will be coupled back into the second
fiber. Tuning of the filter is performed by simply changing
the spatial frequency of the hologram displayed on the SLM.
By placing the filter and an erbium-doped fiber amplifier in
a uni-directional fiber ring resonator a digitally tunable fiber
ring laser is made. A 3-dB coupler placed after the filter is
used as the laser output.

The SLM is a transmissive multiplexed glass cell with 128
% 128 pixels on a 165-pm pitch that has been optimized to act
as a half wave plate around the A, = 1.55-um erbium window
and can be reconfigured in under 5 ms. The fixed transmission
grating was made with a spatial period of 18 um and was
fabricated by spinning a layer of photoresist on a glass flat
to a depth of A,/2(n1 — ng) = 1295 nm, (ng is refractive
index of air, n; is that of the photoresist ~ 1.6) and using
photolithography to selectively etch a binary phase grating.

The holograms are digital binary phase pixellated images
which are generated using an iterative algorithm such as sim-
ulated annealing [5]. Holograms may be designed to optimally
direct light of a fixed wavelength to a single spot anywhere in
the 1st order, or to fanout the light to multiple spots. This idea
can be extended so that the hologram can optimally direct a
single desired wavelength or multiple wavelengths of light to
a fixed point in the output plane. The equation governing the
wavelength to be coupled back for the filter in Fig. 1 is given
approximately by:

I

n 1
/ (m = J)
where A is the wavelength, z = 8.5 mm is the distance of the

output fiber from the optical axis, / = 96.1 mm is the focal
length, N = 128 is the number of pixels in the SLM, D =

A= (n
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Fig. 2. (a) Spectrum of Fabry-Perot laser diode, — Measured spectrum, - - -
Wavelength filter envelope. (b) Digitally filtered spectrum.

165 pm is the SLM pixel pitch, d = 18 um is the period of
the fixed diffraction grating. The factor n/N D represents the
equivalent spatial frequency of the displayed hologram, where
n is an integer between 0 and 64.

I1II. PASSIVE FILTER CHARACTERIZATION

The wavelength filter was characterized using a Fabry—Perot
laser diode source with multiple lasing modes, shown in
Fig. 2(a), spaced 1.2 nm apart. The filter was successful in
isolating the individual modes, albeit with cross-talk from
neighboring modes. An arbitrary filter result is shown in
Fig. 2(b). The FWHM of the filter was found to be 2 nm,
which is almost diffraction limited, and the filter could be
tuned in steps of 1.3 nm over a theoretical range of 82 nm.
Finer resolution and a smaller FWHM could be achieved by
increasing f or the fixed grating resolution, subject to the
available SLM clear aperture.

IV. LASER RESULTS

Lasing was achieved over the range 1528.6-1567.1 nm in
discrete steps with an average spacing of 1.3 nm. The measure-
ments were recorded using an optical spectrum analyzer and
Fig. 3 shows an arbitrary group of eleven successively tuned
lasing modes. The output was attenuated by 23 dB to avoid
possible damage to the spectrum analyzer. The output power
could also be accessed by placing a fiber in the zero order

IEEE PHOTONICS TECHNOLOGY LETTERS. VOL. X NO. K AUGUST 1w,
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Fig. 3. Selection of lasing wavelengths from fiber laser.

of the SLM and collecting the undiffracted light. This would
obviate the need for an additional coupler in the fiber loop. The
long term wavelength stability of the laser was of the order
of 0.1 nm, due to mechanical drift in the alignment of optical
components. Greater compactness and fewer optical elements
in the filter architecture will make the system mechanically
more reliable and stable. This can be achieved using a folded
architecture employing a silicon backplane reflective SLM,
similar to the architecture proposed in [4]. The physical
dimensions may also be reduced by using GRIN lenses with
their shorter focal lengths instead of bulk lenses. Smaller pixel
sizes (e.g., 30 um) on the SLM and a higher fixed grating
spatial frequency will also reduce the physical dimensions of
the filter, while maintaining its resolution.

V. CONCLUSION

In this letter, we have described a new type of holographi-
cally tunable wavelength filter and fiber laser that is digital and
nonmechanical in its operation. Such a laser and wavelength
filter with its large tuning range and channel spacing of 1.3 nm
has important applications in WDM schemes where precisely
defined lasing frequencies, reliability, compactness, stability
and tunability are required.
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mamic Holographic Spectral Equalisation
WDM

J. Parker, A.D. Cohen and R.J. Mears.
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mpington Street.
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itract: We report a new technique for active man-
qment of WDM channels in an optically amplified
zcommunications system, based on a polarisation-
ensitive holographic in-line wavelength filter. Re-
ts are presented for the control, amplification and
1alisation of five WDM channels spaced by 4nm.
yut signal power variations of 8.5dB and 2.0dB are
luced to 0.4dB and 0.3dB respectively, with sig-
s experiencing gains of up to 3.3dB while under-
ng equalisation. An unused channel and ampli-
1 spontaneous emission noise from the EDFA have
o been suppressed by greater than 18dB. This is
: first demonstration of active holographic spectral
aalisation for WDM.

I. INTRODUCTION

e EDFA [1] is now well established for telecommunica-
ns. In order to maintain an acceptable spectral band-
Ith when many amplifiers are concatenated, the need for
ssive spectral equalisation has long been recognised [2] [3]

However as WDM systems begin to be deployed the need
active management of the spectral gain is increasingly im-
rtant, since individual channel powers may vary over time
1 the gain spectrum also varies with dynamic input load .
ie such active technique employing acousto-optic tunable
ers (AOTF) was recently reported [5]. The underlying
‘hnology often requires additional complexity to attain po-
isation insensitivity, however. In this letter we present a
w technique for active management of the gain, based on
»olarisation-insensitive, low drive-power, diffractive ferro-
ctric liquid crystal (FLC) in-line filter. The technique is
ileable to tens of channels and is potentially low-cost in
lume production.

I1. EXPERIMENT

1e experimental configuration, employing standard single-
yded telecommunications fibre throughout, is shown in
g.1. It is designed to provide spectral equalisation and sys-
m management over 5 channels spaced by approximately
m as shown in Fig.2 . In a real WDM system, input chan-
1 powers will vary owing to:

e non-uniform gain profiles of the optical amplifiers (e.g.
6.1dB for the EDFA shown in Fig.2)

e wavelength dependence of passive optical components

e potential variation in injection levels and signal path
losses (e.g. spanning drop and insert nodes in a wave-
length routed network.)

1

|

Tunable
Laser Sptie —
B singla Moda Fibre Armlymby
Variabla Equalising Filse
Attenuator -

hf-l
| s
Lans P _lu\umsz X =8.5mm
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SLM of pitch D=165um

Transmissive fxed grating
with line-pait width de18jum

Figure 1: Experimental configuration

The input channel variation is simulated here by a variable
output power tunable diode laser. It would be desirable to in-
put all signal channels simultaneously, but, this was not pos-
sible with the equipment available. Low signal powers were
used in order to obtain the maximum differential gain avail-
able from the EDFA, hence overcoming the present high loss
of the filter and producing a net gain. The spectral equaliser
consists of a reconfigurable holographic filter [6] and EDFA
to provide gain and compensate for the filter losses. The
holographic filter comprises a FLC pixellated spatial light
modulator (SLM) displaying dynamic holograms, in conjunc-
tion with a fixed binary-phase high spatial frequency grating,
both within a 4f free-space lensing system (see Fig.1). The
filter passband for each channel had a theoretical FWHM
of 1.8nm. This can be reduced as desired by changing the
filter parameters, in particular by lowering the fixed grat-
ing pitch. Holograms were designed to compensate both for
the input channel power variation and the spectral depen-
dence of the EDFA gain, so that uniform output channel
powers were achieved. We also demonstrate the potential
for "knocking out” a central channel at 1556.1nm, which is
desirable for noise suppression should that channel be tem-
porarily unused. The active reconfigurable nature of the

o 3 ; y
& 3| - - Channel Position D A A ML
o 35l
2 F \
. 1 o418
o '
& ¢+--=28.1dB-
% 1 y " 5
(4] PPN
&
w o
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Resolution = 0.1nm Wavelength Snm/div

Figure 2: Gain and ASE profile of EDFA
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:;qualiser was demonstrated by using two different sets of in-
put signals. This was achieved by varying both the input
power and wavelength of the signal on channel #4, to simu-
jate the signal on that channel coming from a different source
in the network. Two different holograms were designed to
compensate for these changes, and to equalise the signal on
channel #4 to the same level as the other three signals. An
pptical spectrum analyser was used to record the results.

In a practical device, the holograms required to compen-
sate a set of input conditions, such as individual channel vari-
ations and change of use of channels (for network manage-
ment and restoration), would be pre-calculated. The down-
load time here is 5ms, but with an improved interface it is
reasonable to expect reconfiguration in 20us [7].

I1I. HOLOGRAPHIC FILTER DESIGN

The equation relating the filter wavelength associated with
a hologram spatial period is given approximately by:

.
(35 +3)

where ) is the filter wavelength, 2 = 8.5mm is the distance
of the output fibre from the optical axis, f = 96.1mm is the
focal length, N = 128 is the number of pixels in the SLM,
D = 165um is the SLM pixel pitch, d = 18um is the period
of the fixed grating. The value n is an integer between 0 and
64. The factor n/N D represents one of the spatial frequen-
cies of the displayed hologram which dictate the wavelengths
to be filtered. In contrast to earlier work, in which only a
single wavelength was filtered (requiring a single value of
n for the subsequent hologram design), we have solved the
above equation for 5 separate wavelengths, yielding 5 val-
ues of n to be fed into a computer-based design process to
produce a hologram of mixed spatial frequency. The itera-
tive hologram generation algorithm makes use of simulated
annealing, which has been adapted to control the filter trans-
mission spectrum amplitude at multiple wavelengths. This
has involved the use of a modified error function that now
includes a term comparing the actual transmission ampli-
tude ratios of the filter with the desired ratios at the design
wavelengths. (The filter transmission spectrum is directly re-
lated to the fourier transform of the hologram.) Initial design
amplitudes for the filter transmission spectrum were deter-
mined by inverting the ratios of the EDFA amplified sponta-
neous emission (ASE) levels at the channel wavelengths (see
Fig.2.) These design parameters yielded holograms with less
than ideal channel equalisation due to system nonuniformi-
ties. The resulting systematic errors observed in the output
spectrum were measured and corrected design parameters
fed back to the algorithm. From many thousands of gener-
ated holograms, the best one was selected on the basis of
minimum fractional error between desired and actual filter
transmission amplitude ratios. Hologram design would be
significantly improved by an in-situ feedback loop.

A

(1)

IV. RESULTS

--- Hologram 1

Equalised Channels (nW)

Filtered ASE using Holographic Equaliser
(normalised, dB)

1.525um
Resolution = 0.1nm

1.550pm
Wavelength

Figure 3: Dynamic channel equalisation (hologram 1)

Figures 3 and 4 show the equalised spectra due to the two
sets of different input signals, each requiring a different holo-
gram. For the first case (see Fig.3), the unequalised input
signals had a 2.0dB range of powers, which was reduced to
less than 0.3dB, with individual signal gains of up to 3.3dB.
For the second experiment (see Fig.4), the input signal pow-
ers had a range of 8.5dB which was reduced to 0.4dB af-
ter equalisation, with gains of up to 2.6dB. Tables 1 and
2 show the input and output powers and gains for the 5
channels, using the 2 holograms respectively to dynamically
equalise the 4 signals. The ASE coming through the un-
used channel #3 was suppressed by greater than 18dB in
both cases. The large EDFA ASE present around the wave-
length 1.533pm has also been successfully suppressed by at
least 18dB. Noise suppression is measured relative to the
transmission of channel #5, which experiences the least gain
(see Fig.2). Each channel passband is close to gaussian in
shape, with a FWHM of 2nm, which closely approaches the
diffraction-limited theoretical value expected from our filter
design.

V. CONCLUSIONS

In this letter we have described a new technique for the ac-
tive management of WDM channels. We have demonstrated
the control of 5 channels: amplifying and equalising the pow-
ers of 4 input signals, while knocking out the ASE from an
unused channel and other unused spectral areas to reduce
noise. This technique gives us the ability to provide channel
management for power variation due to EDFAs and differ-
ent source powers in an all-optical network. The dynamic
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te of the holographic equaliser is compatible with all-
cal networks potentially comprising multiple cascaded
7A and holographic equaliser combinations. The present
i of the holographic equaliser can be substantially in-
ised by optimisation of the optical components, such as
of a high tilt-angle continuous-phase FLC and a blazed
ing in place of the fixed binary-phase grating. The opti-
design of the holographic filter can also be simply modi-
to reflect the latest ITU standard 0.8nm WDM channel
cing. This new technique is polarisation-insensitive and
entially high gain, making it suitable for WDM telecom-
aications application.
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GLOSSARY

a.c. Alternating Current
AOTF Acousto-Optic Tunable Filter
AOM Acousto-Optic Modulator
AOSLM Acousto-Optic Spatial Light Modulator
ARROW Antiresonant Reflecting Optical Waveguide
ASE Amplified Spontaneous Emission
CD Compact Disc
CGH Computer Generated Hologram
Cw Continuous Wave
DBR Distributed Bragg Reflector .
DBS Direct Binary Search
DFB Distributed Feedback '
EASLM Electrically Addressed Spatial Light Modulator |
EDFA Erbium Doped Fibre Amplifier
EDFL Erbium Doped Fibre Laser
EM Electro-Magnetic
Er Erbium
FC/PC Flat-Cleaved/Physical-Contact
FFP Fibre Fabry-Perot
FLC Ferroelectric Liquid Crystal
FWHM Full-Width at Half-Maximum
GRIN Graded Index
HF Hydrogen Fluoride
ITU International Telecommunications Union
LC Liquid Crystal
MOSLM Magneto-Optic Spatial Light Modulator
NA Numerical Aperture
OASLM Optically Addressed Spatial Light Modulator
OEIC Optoelectronic Integrated Circuit
OTDM Optical Time Domain Multiplexing |
PC Personal Computer
PCLC Polymer Cholesteric Liquid Crystal
PDF Probability Density Function
RF Radio Frequency
SAW Surface Acoustic Wave
SLM Spatial Light Modulator
SM Single Mode
SNR Signal-to-Noise Ratio
SSG Superstructure Grating
|
TAT Transatlantic Telecommunications
TV Television
VLSI Very Large Scale Integration
WDM Wavelength Division Multiplexing




