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Abstract

Visible- light optical wireless communications (OWC) is a potential technology that can
help resolve the crowdedness of the radio-frequency bands, whilst conveniently exploiting
energy-saving light-emitting diodes (LEDs) as transmitters for both illumination and
communications. Since there usually are many LEDs in a lighting unit, OWC has a multi-
input multi-output (MIMO) geometry which, thanks to its channel diversity, can offer
wireless local networks at data-rates many times higher than possible with single-channel
systems.

In such systems, MIMO-detection methods to separate the different optical channels
play an important role in improving the system performance by helping reduce cross-talk
between channels. To measure the performance of a particular geometry for MIMO
communications, a simulation study, reported in this thesis, found that, amongst the signal-
independent metrics, the condition number may be used as a rough predictor of the
performance, whilst the channel Signal-to-Interference-and-Noise Ratio (SINR) is the most
appropriate for geometry assessment. Combined with the fact that the overall performance of
a MIMO system is mostly dominated by its worst channel, this indicates that the most
effective way to improve the system performance is to maximise the worst channel’s SINR.

One of the possible solutions to improving the SINRs is to use holograms to steer the
transmitter images such that their distributions over the photo-detectors reduce overlaps. As
LEDs emit partially-coherent light, the beam steering has to be carried out with partially-
coherent illumination. By using two lenses to parallelise and collect partially-coherent light
before and after the hologram, respectively, the source and image intensity distributions, and
the autocorrelation of the hologram can be related in a succinct mathematical relationship.

This leads to the development of three computational algorithms based on the
autocorrelation function to obtain a quantised hologram with the desired beam-steering
capability. These algorithms have their cost functions and performance comparison done at
the hologram plane instead of the image plane, which therefore takes less time than traditional
image-based methods. Specifically, one of these algorithms is able to save significant time
over both the other autocorrelation-based algorithms and the direct binary-search, by 33% and
by 50% respectively.

A simulation-based study and a corresponding experiment, both reported in this thesis,
found that the one of the proposed algorithms had poor power efficiency, whilst the other two
were both highly effective in generating digital holograms with precise and power-efficient
beam-steering performance. Of these two algorithms, one had superior time performance and
was likely the best of the three proposed autocorrelation-based algorithms for generating
beam-steering holograms.

MIMO-OWC simulation also demonstrated the capability of using beam-steering
holograms to design the channel and improve the system performance. Combining reported
findings, a strategy can be devised to optimise the throughput of an imaging MIMO-OWC
system for a given transmitted power.
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Chapter I.  Introduction to Multi-Input
Multi-Output Optical Wireless

Communication
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A. Optical wireless communication

In the last decade, wireless local-area networks (WLAN) have become ubiquitous [2].
These WLAN systems are based predominantly on radio-frequency (RF) transmission as
defined by various IEEE specifications [2, 3]. Despite their widespread use, RF-based
communication systems have three main disadvantages:

- RF systems often require complex modulation and multiplexing schemes [2]. One
reason is to accommodate multiple high-speed channels with a system bandwidth of only tens
of MHz [3]. Another reason is to minimise interference to and from nearby access-points,
since RF radiation can penetrate walls and other non-metallic barriers [2].

- RF-based WLANSs operate within a strictly-regulated spectrum [4] which is already
crowded, as depicted in [5].

- The spectrum used by RF-based WLANS is shared by medical appliances [4] leading
to possible adverse radiation interference in critical environments such as hospitals [6].

In light of these constraints to RF-based technologies, since the 1980s, there has been
research into optical wireless communication (OWC). Originally optical carriers were viewed
as a competitor with RF carriers for industrial adoption (see ref.1-12 of [7], ref.1-3 of [8]).
Recently, as the RF bands become almost full, there has been a trend to move the wireless
carriers into higher, unregulated bands [9, 10]. OWC may offer simpler alternatives to the
complex RF systems. The advantages of OWC over RF communication are:

- Its frequency bands are very broad — 350THz for the visible spectrum alone. This
permits many more MHz-wide channels than possible in the RF systems [9-11].

- Visible-light and infra-red bands are currently unregulated (for example, see [4, 5]),
which allows for essentially unconstrained development of OWC technologies, as well as

easy worldwide adoption (i.e. no regulation-compatibility issues) [12].
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- At the wavelengths of hundreds of nanometres, multipath fading is a negligible effect
on the propagation of OWC carriers [13]. The link designs for OWC systems can thus be
much simpler than for RF systems [9, 10, 12].

- The easy blockage of optical carriers by walls and everyday objects make OWC well-
confined. Interference between adjacent OWC systems is thus far less of an issue than with
RF. Hence the transmitted power can be significantly increased, only limited by eye-safety
concerns [11, 12]. And the pressure on security, a major factor in RF systems [2], is reduced
thanks to the absence of casual behind-the-wall eavesdropping in OWC [9].

For a summary comparison between RF links and OWC links, see [12].

Early research efforts in OWC were mainly concerned with infra-red (IR) systems [7-10,
12, 14]. However, recently there has been a surge of interest in solid-state lighting as a more
energy-efficient technology to replace the incandescent and fluorescent lights [15-18].
Furthermore, eye-safety regulations are far less restrictive for visible light than for IR [19-21].
Thus OWC using the visible spectrum has been gaining in significance, with several
application scenarios currently being studied: see [11, 22] for overviews of current research
trends and commercial interests in visible-light OWC, and [23] for a demonstration. Recently,
visible-light OWC over short ranges has been adopted into an industrial standard [24].

As with IR [12], all visible-light OWC systems are partially coherent and employ
intensity-modulation / direct-detection (IM/DD) with photo-detector receivers [25-34]. Also,
numerous efforts have been spent into researching the white Light-Emitting Diode (LED) of
solid-state lighting as the OWC transmitters. Most of these endeavours in improving
capacities of systems using white LEDs can be broadly classified into manipulating signal
properties and signal processing [25-29], or experimenting with the geometry of the links [30-

34].
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Research into signal-processing technigues in this area aims to increase data-rates by
widening either the effective bandwidths using frequency-equalisation [25, 27-29] or the

physical bandwidth of the most limiting component—the LEDs [26].
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B. Channel geometry and Multi-Input Multi-Output

Although channel-geometry research already attracted interest with IR-based OWC [7-
10], recently the channel geometry of visible-light OWC has also gained research attention
[30-34]. Due to the identical propagation of IR radiation and visible light [35], studies of IR
geometries and channel properties have been adopted for visible-light systems.

Figure 1a shows the OWC geometry for a single-input single-output (SISO) channel,
with a single white-LED system acting as both the lighting source of the room and the OWC
transmitter (TX). The receiver (RX) is a photo-detector with additional optical concentrators.
Light travels from the Tx to the Rx in a line of sight (LoS) and by diffuse paths off room
surfaces. The SISO-OWC LoS connection is generally maintained by tracking mechanisms
[10].

Figure 1b also shows the SISO-OWC geometry, but for the diffuse-only link. As canbe
seen from this figure, when the Tx-Rx line of sight is blocked, the SISO linkage has to rely on
diffusive reflections of the light [8, 9, 12, 14]. Research into more complex diffuse systems is

reported in [29-32].
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Figure 1. OWC geometry with 1 Tx and 1 Rx for (a) generic channel; (b) diffuse-only
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Figure 2. Schematic of 4-Tx 6-Rx MIMO systems: (a) Imaging, (b) Non-imaging

As reported in [9], the major drawbacks of OWC systems include high path-loss and
high noise lewvels at the photo-detectors (mainly shot noise caused by ambient light.) Thus
transmitted optical power is of importance to OWC performance. The LoS link, due to its
shorter path and no diffusive loss, is more power-efficient than the diffuse link [35]. With the
optical power limited by regulations [19-21], LoS channels are thus preferred to diffuse ones.

As reported in [18] a room will likely need many sets of LED light sources. By using
these light sources as Tx for LoS channels [11, 25, 33], the benefits of a LoS multi-input
multi-output (MIMO) system can be achieved.

Although MIMO techniques have long been widely used in RF communication to
combat multipath-fading [13], recently a small body of research has been concerned with the
adoption of MIMO in visible-light OWC. Figure 2 shows the LoS MIMO geometries for a
typical OWC channel, depicted as consisting of 4 solid-state light-sources as the Tx, and an
array of 6 photo-detectors in the Rx.

The MIMO technique allows multiple links to achieve the overall performance of a

single link but at lower link-quality [13]. This equates to lower transmitted optical power for
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each source at the same overall bit-rates. For the same transmitted optical power, a MIMO

system performs better than SISO.

As the bandwidth of these sources are very limited (of the order of tens of MHz at
maximum [28]) besides using equalisation schemes and complex modulation, the MIMO
technique would allow multiple links to be established to increase data rates at multiple times
of a single link. This however is done at lower link-quality [13]. This equates to lower
transmitted optical power for each source at the same overall bit-rates. For the same

transmitted optical power, a MIMO system performs better than SISO.

Furthermore, a single LoS link is susceptible to blockage. As can be seen from Figure 2,
it is relatively more difficult to block all Tx-Rx links in these systems. Thus link outage is

another advantage of LoS MIMO over LoS SISO.

As reported in [33], there are two typical geometries for LoS MIMO-OWC systems.
Figure 2a depicts the imaging system, in which each Tx is imaged by a lens onto the receiver
array. As such, the optical path between any pair of transmitter-receiver is conditional on the
mapped image. Inthe non-imaging configuration as depicted in Figure 2b, there always exists
an LoS linkage between a Tx and an Rx.

In MIMO systems, data from the Tx is transmitted through the OWC optical channels.
Each Rx then collects the data from all the Tx (although differently attenuated). The Rx
system decomposes the received signals into estimates of the transmitted data, using its
knowledge of the channel information, which is formulated as a matrix. [33] reports that the

imaging MIMO system yields better overall system performance than the non-imaging.
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C. Beam-steering

The studies described in the previous section deal with the design of a passive geometry
which would likely be more appropriate for systems with devices being stationary or of very
limited mobility. To re-design the geometry for a wider range of configurations, active
elements are required. There has been substantially less research conducted in this area, the
majority of which is for laser-based rather than (LED-based) visible- light systems [36-40].

Figure 3 shows a system that has the potential to send the light beam to required
positions [41], and potentially to manipulate the optical distributions to create the desired
pattern [37]. This technology can be broadly classified into two families: mechanical, and
electrical.

The most common method of mechanical beam-steering uses micro-mirrors which

deflect the light by electrically altering the angles of the mirrors [42]. These micro-electro-
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Figure 3. Schematic of an optical communication system with beam-steering
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mechanical mirror systems have been widely available at linear sizes up to 2048 elements [43,
44] and deflection angles of +12 degrees [42]. In addition, there are also beam-steering
devices that employ mechanical translation of micro-lenses [45].

Non-mechanical steering devices are currently an active area of research, with several
demonstrations of beam steering using a polarization-controlled diffractive element and a
variable wavelength source [46]. It is also possible to use spatial light modulators (SLMs) as
diffractive elements and achieve larger steering angles (e.g. see [47].) Other electrical
techniques include: wavelength-based steering using a tunable source and a diffractive
element [39]; waveguide and evanescent field techniques [48]; liquid-crystal prisms with
changeable refractive index [36, 49]; liquid-filled lenses [50]; deformable lenses to steer and
focus beams [51]; or true ‘holographic’ gratings in programmable media [52]. However, these
types of devices often require complex optical systems for the programming mechanism.

Of these electrical devices, SLMs are perhaps the most promising for beam-steering and
manipulation of the optical field due to their versatility and mature state of development. The
most common SLMs are liquid-crystal silicon-backplane devices, first proposed in the 1980s
[53]. The then-poor mirror quality led to poor diffraction efficiency, thus limited application.
However, the recent surge in popularity of LCOS displays has made efficient LCOS SLMs
available at reasonable cost.

Parallel to these SLM developments, there has also been development in holographic
algorithms which make use of the LCOS SLMs for beam-steering. A digital hologram is
generated algorithmically [32, 34, 37, 38, 54-67] and then displayed on the SLM to diffract
light into the desired positions, as illustrated in Figure 3. Applications of these beam-steering
holograms include optical switches [36, 41, 55, 57, 68], security patterns [63], free-space
wave-front reconstruction [69, 70] and one-to-many communication systems [71]. However,

these techniques mostly rely on coherent diffraction of the laser-emitted light and require
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computationally-costly full propagation of light from the source to the image [32, 34, 37, 38,
53, 54, 56, 58, 59, 64, 65, 69, 72].

For optical wireless communications, the partially-coherent nature of the LED
illumination makes the use of holograms less straightforward. General theories on the
propagation of partially-coherent light have been available for nearly 80 years [73-75], but
barring brief interest in the late 1980s and early 1990s (e.g. [57]), only recently have
holograms started to be used with partially-coherent illumination [66, 70]. As such, partially-
coherent beam-steering is much less mature as a technique than with coherent light, but its
potential use with OWC which combines communication and illumination would offer great

benefits at little additional complexity.
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D. Scope and organisation of this thesis

For the more power-efficient LoS MIMO-OWC, two key questions are: How best can
the transmitters and receivers be arranged to maximise the benefits of the MIMO geometry?
And how can such optimal arrangements be realised?

The first part of this thesis concerns with finding the most suitable geometry-based
metrics to measure the performance of MIMO geometric arrangements. Chapter Il describes a
representative model for the overall MIMO-OWC system, together with an analysis of the
decomposition processing for MIMO signals. It also describes an analytical model of the
MIMO-OWC channel matrix for future optimisation. Chapter Il then investigates the overall
performance and the geometry-based performance metrics, before describing a computer-
based simulator for the MIMO-OWC system presenting simulation results.

The second part of the thesis focuses on developing a holographic beam-steering
technique to improve MIMO-OWC performance. Chapter IV provides the theoretical analysis
of the beam-steering architecture before proposing a new family of hologram-generating
algorithms. Chapter V presents a computer-based simulator to assess the performance of the
proposed algorithms. In Chapter VI, an experiment is described to wverify the actual
performance of the holograms generated with the proposed algorithms in steering beams for
MIMO-OWC improvement.

Conclusions are drawn in Chapter VII, as well as future work to follow from the results

presented in this thesis.
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Chapter IL. MIMO-OWC system model

Chapter | has presented an overview of research efforts in Optical Wireless
Communication (OWC) in general, and in its Multiple-Input Multiple-Output architecture
(MIMO-OWC) in particular. In this chapter, a MIMO-OWC system is described, including an
effective electrical-equivalent equation and the link-budget of the system. The chapter also
presents the available algorithms to detect MIMO channels into equivalent SISO ones. In the
final part, the channel matrix is studied, with a theoretical model and an estimation algorithm

introd uced.
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A. Model of a MIMO-OWC system

1.  Theoretical system-model for MIMO-OWC

Figure 5 depicts a MIMO-OWC system, whilst Figure 4 shows the electrical block
diagram for such a system with N transmitters (Tx) and M receivers (Rx). A stream of data is
fed into the system and is separated into N parallel streams s;(t) by a serial-to-parallel

converter. Each of these N streams is encoded independently by an encoder module. The
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Figure 5. Schematic of 4-Tx 6-Rx MIMO systems: (a) Imaging, (b) Non-imaging

encoded digital stream x;(¢t) is then converted to an analogue signal and modulated to control
the emitted power P/*(t) of a corresponding LED-based Tx.

The light from the whole Tx system propagates through the OWC channel and is

collected by each of the M photo-detectors in the Rx system. The received optical power
Pij(t) of each Rx is converted to a photo-current which is then amplified and sampled to
give a digital signal. The M digital signals ,(¢) are passed through a MIMO detector which
gives N parallel outputs as recovered signals. Each of the recovered signals x; (t) is then post-

processed to give an estimate of the original digital signal x;(t). The estimated stream x;’ (t)
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is then mapped to an appropriate constellation and decoded, including all error correction, to
give an estimate s;(t) of the original s;(t). The N parallel s/ (t) are then converted to a serial
stream as the system output.

Overlooking the specifics of the encoding operation”, it can be seen that the effective

inputs in this model are the N electrical-signal streams x;(t). Each of these is modulated onto
an optical transmitter, most commonly a group of LEDs, and directly controls its optical-
power output P/*(t) [12] (alo [26] for implementation). Since optical power is a non-
negative quantity, there usually is a positive DC-level x . in the LED input to offset negative
values of x;(t). The optical output P/*(t) of the i Tx, of which the impulse response is

hI*(t), can thus be written as: (s is the scalar-convolution operator)

PT*(£) = KT (6) * (x;(©) + xpg) Eq.1

Note that Eq.1, x, is included to represent the fact that light intensity is non-negative,
and has to be removed with electrical circuits in practice. In the simulation, however, for the
sake of simplicity, xj. and the corresponding DC-removing circuits were not implemented.

As discussed in [12], most OWC systems are based on Intensity Modulation and Direct
Detection (IM/DD). Thus, if the optical impulse-response of the channel between the it Tx

and the ™" Rx is h;;(t), the total optical power P/ (t) collected by the j!" Rx can be written as

[76]:

N
PRx(t) = Z hyi(6) * PTF(E) Eq.2
i=1

If the combined impulse response of the j" photo-detector Rx and amplifier is hfx(t)

then the photocurrent y;(t) including the added electrical noise n;(t) of the Rx electronics, is:

“ Some effects of modulation schemes on the symbol detection performance are discussed in Chapter 11.B.
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y; (&) = R () = PR (8) + n;(0) Eq.3

The whole transfer from the N inputs x;(¢t) to the M outputs yj(t) of the MIMO-OWC
main system can be thus written in vector form:

¥(0) = hp, (OQH()Qh, (DR[X(8) + Xpc ()] + 7 () Eq.4

In which:

y(t): M-element vector of the Rx photocurrents

x(t), Xpc(t): N-element vectors of the Tx electrical inputs

h, (t): N-by-N diagonal matrix of the N Tx-side responses A (¢t) with i = 1..N

H(t): M-by-N matrix of the sub-channel responses h;;(t) with i =1..N,j =1..M
hy, (t): M-by-M diagonal matrix of the M Rx-side responses hf*(t) with j = 1..M
® is the vector-convolution operator, applied analogously to the dot-product -

If the OWC channel is assumed to be line-of-sight (LoS) only, then according to [77]
the impulse responses of the M - N sub-channels can each be modelled as a delta-function
h;;6(t — 1) with propagation delays 7 and time-independent constant h;. Thus, Eq.4 can be

recast for each Rx channel, neglecting the common delay:

N

y; () = Z h;; ((hf"(t) * h?"(t)) * (o (8) + xDC)) +n;(t) Eq.5

i=1

Since the effect of narrow bandwidth on performance of MIMO systems is outside the
scope of this research, it is assumed either that the bandwidths of Tx and Rx frequency

responses are both larger than the signal bandwidth; or that appropriate system-response
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equalisation is applied to the signals in the signal-processing stage [25, 27, 28]. Therefore, for

simplicity the effects of responses can be neglected to yield:

y(t) = H x [X(t) +Xpc (O] +7(0) Eq.6

Eq.6 has the same form as the system equation used in MIMO-RF analyses [78-80].
Each element of H now contains the geometry-dependent path- loss and both Tx and Rx gains.
Eq.6 is thus an effective electrical-equivalent description of the MIMO-OWC system (see
Error! Reference source not found..)

The M received electrical signals y;(t) are then processed in the next stages of the Rx,
as shown in Error! Reference source not found.. Firstly, the transmitted signals are
estimated by applying an N-by-M matrix G to y(¢t):

xX'(t) = Gxy(t) Eq.7

The estimate of each of the transmitted signals is then passed through an appropriate
processor (see Error! Reference source not found.) during which the frequency responses
can be equalised, and the DC component for LED bias is removed. The output signal for the

i channel is:

') = (G, - B)x, (© + Z @ B )x (D) + g, -1t Eq.8

k=1,k=+i

(G, h, are the it row of G and k'" column of H, respectively)
The N decoders 9;{-} then demodulate the N elements of this time-slice vector using the

appropriate constellations and perform decoding to obtain the estimates s;(t) of the symbols
s; (1):

si (0 = 9{x{" (O} Eq.9
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2. Power constraints and link-budget calculations

Eye-safety regulations (see [19-21]) constrain the emitted power of optical sources [19-
21, 81] and thus influence link-budgets and OWC power allocations. From Eq.1, it can be
seen that the output power of an intensity-modulated source is related directly to the signal

amplitude. Rewriting Eq.1 with the assumption of a broad Tx frequency-response:

PI*(t) = hI™* (x,;(t) + xpc) = R x,(t) + Py, Eq.10

The constraint to optical output power for a single Tx can be written as:

Average: (PI*(@®)) = h]*{x;()) + Ppc < PZ% Eg.11
Peak: max (Pfx (t)) = hl* mtax(xi(t)) + P, < PPeek Eq.12

Substituting EQg.10 into EQ.8 yields:

— N —
xi'@) = lth l(PiTx(t)_PDC)-l_ lth k(ng(t)_PDc)
i k

k=1k=i

Eq.13

+g; -n(t)

By inspecting EQ.13, it is easy to see that the optical power thus plays the same role, to
a multiplication factor, as the electrical-signal amplitude in the RF system. The exact
relationship between the channel-quality figure-of-merit and signal power for MIMO-OWC is
discussed later in Chapter IlI.

As illustrations of the OWC link-budget issues, calculations are performed for a single-
input single-output (SISO) system with random input and additive white Gaussian noise

(AWGN) with power spectral-density N,. Rewriting Eq.13 for the SISO case yields:

X”(t) —

(P™(t) — Ppo) + ! n(t) Eq.14

Tx Tx Rx chan
h’SISO h’SISO hSISO h’SISO
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With a Personick’s factor k and a symbol rate R, the Signal-to-Noise Ratio (SNR) for
this SISO channel [13] can be shown to be:

2 2 k 2
(o hH)” (P70 — o) _ (ol [R5 — Py

SNRgs0 = Eq.15
SIS0 k RN, k R,N,

The result in Eq.15 agrees with [12]. It also shows that for IM/DD OWC systems, the
optical-power constraint P and path-loss hgl' both play a major role in system
performance due to their square relationships with SNR. Thus, increasing received power in
OWC is most effective to improve the link budget.

On the other hand, Eqg.15 also shows that maintaining the same SNR (and consequently
BER) whilst doubling the data rate requires a /2 increase of the received optical power. Thus
received optical power is less important as a limiting factor in OWC than received electrical

power is in RF systems.
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B. MIMO detection and symbol detection

Chapter I1.LA has introduced a MIMO-OWC system model. This section, together with
Chapter 11.C and Chapter Il1, will form the theoretical analysis of the major components of
that system model. In this chapter, detailed discussions on MIMO -detection methods will be
presented: the chief focus will be on linear methods as they allow easy algebraic
manipulations for theoretical studies on the optimisation rules for MIMO-OWC channels.
Later, this chapter will discuss, in theoretical terms, some practical issues around symbol

detection in MIMO systems, which will help the construction of the simulator in Chapter 111.B.

1. MIMO detection

a. Overview

Chapter Il has introduced Eq.6 which relates the M received signals y(t) to the N
transmitted signals X (t) by means of a channel-matrix H. The next step in MIMO processing
is to obtain estimates x'(t) of the individual transmitted signals for further processing using
SISO techniques (see Error! Reference source not found..) This operation is known as
‘MIMO detection” in the literature [82, 83].

Assuming bandwidths are greater than required for signal transmission, Eq.8 gives the

recovered signal for the it channel:

'O =@ R)x®+ Y (@ hx 0+ g, 7© Eq.16

k=1,k#i

(g, h, are the i row of G and k' column of H, respectively)

Each row vector of the N-by-M MIMO-detector G in Eq.16 recovers the signal stream

of the corresponding channel whilst suppressing the interference from the other (N-1)
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channels and the additive noise to a level required for reliable communications. To this end,
there are several algorithms to construct G, broadly categorised as linear or nonlinear [82, 83].
Only the linear algorithms are studied in detail here, due to their simpler algebraic form for
channel analysis, which will be crucial in formulating theoretical rules of channel-
optimisation.

The linearity of the MIMO-detector G means that the detecting operations of its N rows
are independent from each other, i.e. one operation does not depend on the results of the
others. Two widely-used linear methods are Zero-Forcing (ZF) and Minimum Mean-Square
Error (MMSE) [82-84]. In both of these methods, the matrix G is calculated entirely a priori

without regards to the actual signal values transmitted.

b.  Zero-Forcing

The ZF algorithm, also known as Inverse-Channel Detection [83], is perhaps the
simplest MIMO-detection method. It focuses completely on suppressing the effects of cross-
channel interference whilst recovering the desired signal to the original values, neglecting the

presence of additive noise. From Eq.16, this means:

{_} 9 hi =1 fori=1..N Eq.17
g h,=0Vk=#1i)

The well-known solution to Eq.17 is G = inverse(H ). In MIMO systems, in order to be
able to recover all transmitted signals, at least there must be no more Tx than Rx, i.e. M > N.
The Moore-Penrose pseudo-inverse solution is then G = (g*xg)_l X HT (t denotes
Hermitian transpose) [85]. The estimates now become:

xX'(t) =%(t) + G xn(t) =x(t) +n'(t) Eq.18
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Eq.18 shows that the system has been completely parallelised (i.e. no interference) and
thus is no different from that of N SISO channels. Assuming E (ﬁ(t) X ﬁ’f(t)) = ag?1l,,, the

altered noise added to the channel now has the covariance matrix:

E(7'(0) x 7T (0) = 026 x G = 02(H" x H)™" Eq.19

However, if the channel matrix H is ill-conditioned (see Chapter I1), the ZF solution is

severely compromised on two accounts: the computational difficulty in calculating precise
values for G, and the large amplification of noise power as can be seen in Eq.19. Therefore,

ZF as the MIMO-detection algorithm is only used in relatively well-conditioned systems.

C. Minimum Mean-Square Error

Unlike the ZF solution, the MMSE algorithm tries to contain both the interference and

the additive noise simultaneously, according to the minimum mean-square error criterion:

G = argmﬁjn E ([Y(t) -G x Y] x [#(t) — G 7(t)]+) Eq.20

If all N transmitted signals have the same power o7, and all M additive noise
components also have the same power ¢,2, the solution to Eq.20 is well-known [82, 83] ([86]

for derivations):

o2 \7!
G= (HT x H +—’;1N> x HY Eq.21
A xH+-51

X

Alternatively, starting from the criterion in Eq.20, with C, = F (f(t) x xt (t))and
C,=E (n(t) x 7t (t)), it is possible to derive:

G=CxH' X (HXC, xH' +C,)" Eq.22
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When C, = o2l and C,, = 0,21,,, using singular-value decomposition on H, the two
MMSE solutions as given by Eq.21 and Eq.22 can be shown to agree completely and thus be
used interchangeably. Nonetheless, the form given in Eq.22 is able to accommodate a far
broader range of MIMO systems, since neither of the transmit powers or the noise powers
have to be all equal nor independent as implied in Eq.21. Hence, G given by Eq.22 can be
considered the generalisation of the well-known solution cited in literature. This form of the
MIMO-detector is implemented for MMSE in the simulator described in Chapter II.

In practical systems where transmitted streams are all independent of each other and the
additive noise is also independent (C, and C,, are both diagonal,) the general Eq.22 can be
reduced to Eq.21. Neglecting DC components, Eq.6 can be rewritten as:

F(O) = HXF(O) +7i() = H x (ég x ?(0) + (ég x ﬁ(t)) £q.23
0 o

n

1

© 62C, 2 xy(t) =

(CixHxC) 80+ =B <30 +7()  Eqa4

<[

Because E (7j(t) x 37 () ) = 071, and E (§(t) x §7(8)) = 571, the MMSE MIMO-

detector for the modified system in Eq.24 has the same form as expressed in Eq.21:

02 Py
€ =H"x (ﬂ’ X H'T + _—*;LM) _ (g’* CH + :*;g,v> CHT  Eq25
0. 0.

X X

By comparing Eq.25 and the ZF solution, it can be seen that for the noiseless system,
the MMSE solution reduces to that obtained with ZF. Furthermore, due to the presence of the
additive identity matrix, the matrix inversion performed in MMSE is more stable for ill-

conditioned channels. In Chapter Ill, it will be shown that the MMSE solution has another
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advantage over ZF in that the effective noise power is not much amplified even when the
channel matrix is ill-conditioned. Results from computer simulations also favour MMSE, as it
offers SNR improvements of several dB compared with ZF [82, 83]. These advantages make

MMSE the linear detection method of choice in this research.

d.  Availability of channel-state information: CSIR and CSIT

The above discussions on the construction of the MIMO detector G have been based on
the assumption that the channel-state information (CSI) including H, is only available at the
Rx (CSIR.) If the channel-state information is also available at the Tx (CSIT) then the
transmitted signals x(t) can be pre-processed to improve the Rx-side processing performance.

The simplest CSIT pre-processing technique is based on the singular-value
decomposition (SVD) of the channel matrix H = U x § x VT, with unitary matrices U and V,

and M-by-N diagonal matrix S. Instead of the original vector X(t) of encoded symbols, if the
actual transmitted vector is ?(t) =V x %¥(t) and if the received vector y(t) is pre-multiplied
with UT to give Z(t), then the system equation becomes:
7Z(t) =UT x Hx &) + UT x7i(t) = S x ¥(t) + UT x 7i(¢t) Eq.26
Eq.26 is effectively a parallel system of N SISO channels. Assuming identical and

independent additive noise, the noise covariance in this parallel system is:

E(U' xAi() x7.if () xU)=Ut X E (ﬁ(t) X ﬁ*(t)) x U = o2l Eq.27

This is the same as the noise covariance before the pre-multiplication with UT.
Therefore, the CSIT use of SVD has parallelised the system without any noise penalty.

However, when H is ill-conditioned, some elements on the main diagonal of S are 0 or

sufficiently small to make the corresponding parallel channels practically unusable.
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To deal with ill-conditioned channel-matrices, another CSIT technique named Lattice-

Reduction (LR) was introduced recently [83, 87-89]. The actual transmitted vector ?(t) is

transformed from the original encoded-symbol vector X(t) by an H-dependent matrix P so
that 2(t) and ?(t) both belong to the same symbol-constellation, but the basis vectors for

&(t) are more orthogonal than those for %(¢). The system equation becomes:

¥(©) = (Hx P™1) x (g x %(1)) +7() = H' x §(&) +7i(t) Eq.28

MIMO detection is then applied to the vector ¥(¢t) to approximate &(t) which is in turn
transformed by P~ to give estimates of ®(t). Overall, this results in a variety of hybrid
MIMO-detection techniques such as LR-ZF, LR-MMSE and LR-VBLAST. Analyses show
that by using LR pre-processing, the system performance can improve by as muchas 17 dB in
SNR [83, 87]. This promising result demonstrates the benefits of CSIT, especially in
problems which with CSIR are generally considered unsolvable without significant penalty
such as ill-conditioned channel-matrices.

However, three problems remain before benefits of MIMO-OWC CSIT can be seen: (1)
Accuracy of channel-state estimation; (2) Effects of channel-state estimation error on
performance of CSIT techniques; (3) Reliable and economical OWC path to exchange CSI
between Rx and Tx. Studies have been undertaken in each of these areas and a number of
solutions have been recently proposed, though none has been universally adopted. For
simplicity, this research is thus solely concerned with CSIR scenarios. Channel estimation
will be discussed in Chapter 11.C, whilst readers are referred to [90-93] and [34] for work in

the problems (2) and (3) respectively.
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2. Effects of MIMO detection on symbol detection

In this section, the effect of the MIMO detection on symbol detection is presented. The
discussion firstly focuses on whether the post-processing on the Rx side has to be
implemented in specific ways to benefit from the MIMO detection. Secondly, it shows how

the MIMO detection affects the symbol detection of the different modulation schemes.

a. Order of the signal processing operations

In a typical SISO system, the symbol mapping and decision making are the last stages
in the signal-processing chain [13]. However, the order of these operations in MIMO
processing is a matter of some interest, since the MIMO detection generally distorts the noise
so it no longer fits the AWGN model usually assumed in symbol detectors. This distortion can

be seen in Eq.16, where the random noise after MIMO detection becomes 1’ (t) = G x 7(t)
and its covariance matrix is E(ﬁ’(t) x 7't (t)) =0.2G X G'. This matrix is generally not

diagonal, as that of independent AWGN.
Performing the symbol detection before the MIMO detection has the advantage that the
noise in the signals to be detected behaves as expected when a commonplace maximum-

likelihood (ML) detector is used (see [13]). The value to be detected in each Rx channel is:
N
yI(®) = Z By R () * BT (£) * (x,(8) + X)) Eq.29
i=1

In an M-by-N system, with the transmitted-symbol alphabet of L symbols, the size of

the alphabet of the symbol y;(¢) is thus LN at maximum. This means that for each Rx channel,

the AWGN-ML detector would have to search and compare metrics over a constellation of at
most LN symbols [13]. For larger values of L and especially of N (due to its being the

exponent), this detection can be very slow and ineffective. Therefore the signals are usually
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MIMO-detected before symbol-detected, since this order allows reasonable processing-time
in exchange for some degradation in performance of AWGN-ML detectors.

However, if orthogonal frequency-division multiplexing (OFDM) is used in the MIMO
system, it can be shown that performing a Fast-Fourier Transform (FFT) (see [13]) on each
Rx channel before MIMO detection is advantageous. This ordering is able to contain the
errors of symbol-detection, which is done after MIMO detection as discussed. The
prerequisites for the success of this ordering are perfect knowledge of propagation delays, and

sufficiently broad system-bandwidths for each OFDM sub-carrier.

b. The effects of modulation schemes on MIMO detection

ZF- and MMSE-based detectors perform differently depending on the modulation

schemes used. Eq.16 shows the MIMO-detected signal of the i*" channel consists of two parts:

N
x{'(0) = (g, - h)x, () + Z (G h)x () + G- R Eq.30
desired k=1k#i
undesired

For the same SNR, the AWGN-ML symbol detector works most efficiently when the
undesired component is AWGN [13]. However, it can be seen from Eq.30 that the undesired

component of the signal is not necessarily AWGN: g, -n(t) is a sum of Gaussian

components so it is Gaussian; but (g - Tik)xk (t) and their sum' are not necessarily so.

If the MIMO detection is ZF-based, §, - h, = 0 Vk # i and Eq.30 reduces to g, - 7i(t).
Thus the undesired component is AWGN, regardless of the pulse-shape of x, (t). This result
shows that ZF-based MIMO detection can be used for all modulation schemes without any

degradation in symbol-detection performance of the AWGN-ML detector.

" When N is large, the Central-Limit Theorem dictates the sum Z(Ei - h, )x, (t) as approximately Gaussian.
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(b) MMSE

~N

Figure 6. Amplitude histogram for the same channel with two recovery algorithms

With MMSE-based MIMO detection, G = (H x H + (02/02)1I,)” x H' thus

g Tik # 0 Vk # i. Hence the pulse-shape of x, (t) plays a role in determining whether the
undesired signal component is AWGN. Figure 6 shows the histograms of signal amplitude for
channel 2 in a 6-Tx 20-Rx MIMO system, using NRZ-OOK as the channel modulation (about
a central DC level) and MIMO-detected with ZF and MMSE respectively (cf. Chapter I11.) It
can be seen that the signal obtained with the MMSE algorithm is not AWGN-interfered,
leading to the performance degradation in the ML-detection.

A solution to this degradation is when 0,2 « ¢2. Then "M = G*F and the effect of
the x,, (t) pulse-shape diminishes, giving MMSE-based algorithms the same ML-detection
performance as the ZF-based ones. Another solution is when x,, (t) is OFDM-modulated, then
the multiple modulated sub-carriers would make the pulse-shape of x, (t) approach AWGN.
The undesired component would therefore also approach AWGN, and the degradation in ML-

detection performance with MMSE-based algorithms would in turn approach zero.
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C. Modelling of the channel matrix

To investigate the MIMO-OWC channel properties, for optimisation studies, a
theoretical model of the channel matrix is required. In this chapter, an analytical model for a
MIMO-OWC general channel-matrix is discussed, together with an approximation model for
an imaging channel-matrix. The last part of this chapter discusses the estimation of H and

estimation errors, introducing an estimation algorithm.

1. An analytical model of general MIMO-OWC channel matrix

A theoretical model for the channel matrix is necessary for analytical studies of the

relationship between the MIMO-OWC performance and H. Eq.4 in Chapter Il gives the full

MIMO-OWC relationship. With perfect signal equalisation, it can be re-written:

¥() = HO®(X(1) + Xpc () + (D) Eq.31

The elements h;;(t) of the M-by-N matrix H(t) are the optical transfer function of the
sub-channel between the i Tx and j™ Rx as shown in Eq.2. Since this IM/DD-based OWC
system is partially coherent [12], the optical transfer function hj;(t) is effectively the intensity
impulse response and thus is non-negative [76]. And because fading is negligible [12], h;;(¢)
is time-invariant.

According to [77], the optical transfer function h;(t) can be decomposed into a LoS
component and diffuse components. The LoS component is essentially an impulse function

delayed by some propagation time z;;,

and thus takes the form h}6(t — 7;;). For an imaging
Rx system as shown in Figure 7a, the constant h}i"s represents the LoS fraction of the

transmitted optical power arriving at the imaging lens. For the non-imaging Rx in Figure 7b,
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Figure 7. Geometries (not to scale) of 4-Tx 6-Rx channels: (a) Imaging; (b) Non-imaging;
(c) Propagation path between the it Tx and the Rx aperture
h}{’s represents the LoS fraction of the transmitted optical power directly collected by each
photo-detector.

Figure 7a shows the geometry of the imaging channel, where light from each Tx arrives
at the imaging lens and is directed by the lens to form a distinct image whose optical power is
collected by the photo-detectors on which the image is incident. Figure 7b shows the non-
imaging channel where light from all Tx arrives at the lens of each Rx element and is all
collected as optical input for this Rx element. Figure 7c shows the propagation from the it" Tx
to the Rx aperture: imaging lens (for the imaging case) and j Rx element (for non-imaging.)

For imaging Rx collection-systems, h;?® can be factored as: hj”® = hf"-lenshﬁet. The

constant A" is the fraction of the transmitted optical power from the it" Tx arriving at the
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front of the whole Rx collection-system. And h]‘-’f’f represents the fraction of the Tx image

‘steered’ by the lens onto and therefore collected by the j' photo-detector.
With y denoting the photo-detector conversion factor, if the Rx subtends a small angle

at the Tx, the inverse-square law gives:

ARxJ- Cos @j;

hjl’ios =Y PE 1;(6,) Eq.32
ji
th_lens _ ARx COS(pi
i V7 1;(6) Eq.33
Rx,i

For extended-source systems (i.e. Rx subtending significant angles at Tx) the
formulation is far more complex, and is outside the modelling scope of this research. Thus for
more specific channel matrices with extended sources, ray-tracing simulation using ZEMAX
is conducted.

The diffuse component represents the fraction of the transmitted optical power that
arrives at the Rx after at least one reflection. In normal (homogeneous) environments,

Fermat’s principle dictates that this diffuse impulse-response cannot arrive before the LoS

component [75]. The diffuse component can thus be written as n]‘.liiff(t —Tﬁ). A model is
proposed in [77] for the diffuse component, with the frequency-response of n7;’/ (¢) as:

Apy Pq 1
Aroom 1= {p){ _ ;,, _In{p) Eq.34
O

arrival

i (@) = y

Where: A denotes the area, p denotes the reflectivity coefficient, and (-) the area-
weighted averages.

Results in [77] show that the 3dB-bandwidth of the diffuse-only link is about 5MHz in
diffusive environments. However, since A4,.,,,, in Eq.34 is often at least 47 times larger than
d,%x’i (or djzl-) in Eq.32, for p = 0.75 — 0.8 the LoS received power is about 2.5-4 times
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stronger than the diffuse one, which agrees with [77]. The link thus can be shown to
effectively have very broad 3dB-bandwidth. This leads to the approximation of the impulse
response h;i(t) with a single impulse, which in turn can be approximated with that of the LoS
link only.

For indoor systems, the differences in Tx-Rx propagation paths are typically small
enough (~centimetres, compared with radiation free-space speed of 3:10% nvs) so that all Tji
can be considered equal and neglected in analysis. Thus, the convolutional channel-matrix

H(t) in Eq.31 becomes the multiplicative H in Eq.6.

For the non-image case, the elements of the multiplicative H are given by:

Ap, i COSQ;;
erf—wﬂ[.(gi) Eq.35

h.. = hlos = y
i ji djzl i

J

From Eq.35, the elements h;; for the non-imaging case are relatively straightforward to

evaluate analytically. However, for the compact Tx and Rx in this research, djzi (and cos ;)

in the non-imaging Eq.35 are similar for all i and j. With identical /;(#) and A the non-

Rx,j’
imaging H is thus fairly uniform across rows and columns. Chapter 111 will show that this
form of H is undesirable, empirically verified in [33].

For the imaging case, the elements of the multiplicative H in EQ.6 are given by:

Ap, COSQ;
hﬁ — h};ios - yh]qliet %Ii(gi) Eq.36

Rx,i

The calculation of h;; in Eq.36 involves the factors hfi** whose exact values can only be

evaluated empirically (or by using the ray-tracing package ZEMAX). To help the theoretical

studies of the imaging H, an analytical approximation is introduced to help the calculation of

hfet, and thus h; for the imaging case.
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2. A hybrid geometric-optic model for the imaging-MIMO
channel matrix

The model construction is divided into two stages. The first uses paraxial geometric-
optics in two dimensions (2D) to approximate the size of the Tx image projected onto the Rx
plane. The second then fits this image into a Gaussian intensity profile to facilitate the

calculation of hj-ift for the full three-dimensional (3D) system.

a. Two-dimensional model of an imaging MIMO system

Figure 8 shows the meridional plane of an imaging system consisting of a point source
at position (r, z), a thin convex lens with focal length f, and radius R positioned at the origin,
and an imaging screen parallel to and separated from the lens by a distance f which is
variable for different levels of image defocusing. In this analysis, all rays between the source
and the lens are assumed to be paraxial.

The thin lens formula [75] and elementary geometry on the similar triangles in Figure 8

give, for the defocused image of a point source at position (r,z), the meridional diameter d

e 2 ote fo -
- ' -
)
Object
r— 7
~—— R N, C
~ 4
r '\\_\
; Io A
' = | v lA*
~——_ *limage ¥ ~
~3 4 :
— Ip| 81 Se
"B
Yo

Figure 8. Schematic of the meridional plane of a 2D single-lens, defocused system
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(b) Sketch of defocused image
(a) ZEMAX spot-diagram (unit: pm) of a line source

Figure 9. Defocused images of (a) an off-axis point-source, and (b) a line source

(line CD in Figure 8)and the distance rf¢™*"¢ of the image centre from the optical axis as:

( — —
jlc=(lA—R)§+R=fRZr+Rfoff
0 0
lez(lB—R)L+R=fR:r+Rf°f_f
Eq.37
(,_ _ ]_c fo—f
id_lc+lD_2R(Z+ - )
(="
centre_lc_lD__f
T T Ty

Ray-tracing using ZEMAX® for the imaging of a point source shows that the defocused
image is approximately a circular disc (see Figure 9.) Hence the extent of this defocused
image can be described as a circle centred at rf¢""¢ and with radius d/2. The maximum
extent of the defocused image of a line source of length [, (see Figure 9) can therefore be
given by:

I on(L B2y

0
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b.  Three-dimensional model of imaging MIMO system

The Tx system consists of N planar light sources, all of which lie in a plane parallel to
the plane of the imaging lens. Each Tx is a square Lambertian source of order m and of side-
length w,,.. The Rx system consists of an imaging thin lens of radius R and focal length £,
and a set of M rectangular photo-detectors tiling closely to form a regular plane grid. The
distance between the thin lens and the photo-detector plane is f. The Tx system is rotated
about the longitudinal z-axis by v, relative to the Rx system.

The set (x;,y;, z;) denotes the position of the centre of the i*" Tx relative to that of the

imaging lens. The following components of h}i"s in Eq.35 can be calculated:

1 1
dpej = (x} +yf +27)7 and coso; = z;,(x7 + y7 +2z})2

(m+1) ¢ Eq.39
2T

Il-(Hi) = Ii((Pi) = m
(x}+y?+2z})2

From Eq.37 and Eq.38, the centre (u;,v;) and side-length a of the Tx-image are:

f fo _f
== 2R 2R———
a Z (wp, + 2R) + 2
Eq.40
_ i
u; =—=—x; and v; = ——y;
i Z;

To calculate hfft as the integration of the intensity distribution, a continuous-function
model of this distribution must be found whose 3dB-span is the same as the image side.
Simulation (see Figure 10) shows that the image intensity-distribution of a square source,

centred at (0,0), with the 3dB-span (i.e. image side) a, can be modelled with 4 Gaussians:

9
len G = 4ma? z

2
q=1

Z eXp<—ai2((€ +(=DPa)*+(n + (—1)qa)2)> Eq.41
p=1
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Figure 10. Simulated Tx-image intensity modelled by 4 Gaussians against (&, 1)

The coordinates (&,7n) of the image’s reference frame are related to the Rx’s (x, y) by:
& =(xcosy —ysinp) — (u;cosyp —v; siny)

Eq.42
n = (xsiny +ycosy) — (u;siny + v; cosy)

Eq.42 is substituted into Eq.41 to obtain the intensity distribution I, (x, ylu;,v;) of the

i Tx-image, which is then integrated for each photo-detector to obtain h]‘-ift. The integration

of each Gaussian component of L, (x, y|u;, v;) is of the following form:

1 < (erf(fl(a,xi,yi,lll,xl)) - erf(fz(a,xi,yi,l/),xz)))

Integration = — Eq.43
s (erf(gl(a, xi'yi'lp'yl)) - erf(gz(a,xi,yi,lp, 3’2)))> q

16

For the more general rectangular planar source, the integration in Eq.43 is intractable
for generic .

Substituting this h]‘-iiet into Eq.35, together with Eq.39 hy; (and an analytical form of H)
can be found. Using this model for each transmitter image, the overall channel matrix can be
analytically formulated, which in turn gives insights into the positions the images must be

moved to in order to improve the system performance.
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3. Estimation of the MIMO-OWC channel matrix

a. Channel-estimation and estimationerrors

From Chapter 11.B, it can be seen that the channel-state information (CSI) must at least
be known at the Rx for the MIMO detection to be viable. Although what CSI must be known
is dependent on the algorithms in use, knowledge of the channel matrix is always required.
Variations in H come generally from changes in the channel geometry due to movement of
terminals (see Eq.35.) The channel-estimation accuracy and its effect on the MIMO detection
is thus an important issue.

Although both H and H ., as intensity responses are strictly non-negative [76], their
difference A = H — H ,, can be assumed able to take any real value such that §;; < h;;. The

MIMO-detector G is now calculated based on the estimate matrix H, .. The MIMO-detected

est*

i channel becomes:

x/'(® = (g; - (B +3,)) x,(®
N Eq.44
+ (3. (B +38,))x, () + ;- (D)
k=1,k=+i

If a ZF-based algorithm is used, C, = 621,,.y, C, = 01, and C, = oI, then the

recovery error e(t) = x;'(t) —x;(t) and its variance are given by:

e(H) = ) (T 800+ 7, A
= Eq.45

~E(le;()]?) = (1 + NUEZZ—"Z) 02[6%x GT] .

2 i
n
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Compared with the perfect case (g2 = 0), imperfect CSI increases the recovery-error

2
variance by Najj—’gtimes. Rewriting this proportion as:

o? o? max((f2 )
a=Nog?5=N—" xTX
¢ g2 m]ax(hjgi) o2 Eq.46

It can be seen from Eq.46 that the accuracy of the estimation algorithm must be smaller
than Nmax(a,f_rx)/arf for the imperfect-CSI recovery-error not to be significantly larger than
the error of the perfect-CSI case.

The frequency of CSI estimation is another interesting question. Continuous estimation
for direct estimation of H is discussed in [94] and for an indirect method via geometry
measurements in [95]. Yet, geometrical changes are generally slow compared with symbol
rates, making H stable for long periods. Thus most estimates from these methods are
redundant.

Infrequent estimation is less computationally wasteful and demanding since the
estimation (see Chapter 11.C.3.b) can be separated from the transmission. However, the

question of when the estimate H ., must be updated and based on what metrics still is an

open question.

b. A simpleestimationalgorithm

For the simulations carried out in this research, a simple estimation algorithm based on
calculating the variance of a training sequence is used. This algorithm estimates H column-
wise: only one Tx is enabled (all others are off) and the corresponding column of H is
estimated. Then this Tx is turned off, and the next one is enabled for the next iteration.

h

With a known noise power ¢ and training sequence duration T, for the pair of the it

Tx and the j™ Rx, the received signal ¥;:(t) can be expressed as:
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To get a reasonable estimate of hj;, the noise element in Eq.47 must be accounted for.
As the instantaneous noise nj(t) cannot be measured but the noise power can, EQ.47 is
manipulated as follows in order to express hj; in terms of the measureable parameters
T T T T
LY VEO =Y 2RO+ ) i) + 2k ) x,(Ony(0 Eq.48
t=0 0 t=0 t=0

t=

T .2 T .2 T 2 2
) (h‘?.Sf 2 _ t=0yji(t) — Lit=0N ) ~ &t=0 in(t) —o,T

Eq.49

T

in(t)nj(t) =0

t=0

The squaring in Eq.48 reflects that in IM/DD architecture, the power of the electrical
output of the photo-detectors is proportional to the square of the optical intensity.

To avoid unrealistic values resulting from the two successive approximations in Eq.49
when hj; is too small, an additional step is performed at the start: The maximum cross-
correlation between y;;(t) and the known x;(t) is calculated and compared with the cross-
correlation of x;(t) with AWGN noise. If the relative difference is under a threshold (0.6 is
used as empirically determined from simulations), y;;(t) is considered noise and hfft =0.

The performance of this algorithm depends strongly on the assumption that bandwidth
equalisation is perfect. To ensure the equalisation does not affect the estimation, a sinusoidal
wave of a frequency in the system pass-bands can be used as the training sequence. This will
allow the wave to retain its form during propagation and be only attenuated by the

multiplicative hj;. This training method is used in the experiment reported in [96].
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Figure 11. Condition number of the channel matrix versus that of its estimate

Figure 11 shows the pair-wise plot of the condition number* of the channel matrix as
obtained from ZEMAX and that of the matrix estimated with this algorithm (for simulation
parameters listed, see Chapter I11.B.2.c.) The 100-symbols long training sequence in the
environment where hj; = 4-107%, 0, = 0.5, 0, = 3- 10" and N = 4, gives the ratio « in
Eq.46 the range between 0 and 0.08, with mean of 5.7 - 107> and variance of 3.8- 107°. With
a < 1, these results thus show that for the condition number up to 1000, this algorithm

estimates the channel well.

The condition number is a popular figure of merit to succinctly describe, in a single number, the quality of a

matrix for computation. In this diagram, as we Il as throughout this thesis, the definition based on norm 2 is used
[97] L. N. Trefethen and D. Bau Ill, Numerical linearalgebra. Philadelphia: SIAM, 1997..
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D. Conclusion

This chapter presents an overview study of the several aspects of a MIMO-OWC system.
Based on the link-budget calculations for the system, the optical-power constraint imposed by
eye-safety regulations is considered as the most important limiting factor in single-channel
communications, compared with other factors such as symbol rate or noise levels.

Several MIMO-detection methods are reported in Chapter 11.B with MMSE found to be
the preferred algorithm for implementation due to its robustness in high-overlap scenarios.
Also, the effects of symbol detection on MIMO detection dictate that for the Rx processing,
the detection should be performed after MIMO-detection. A corollary of this finding is that
ZF-based detectors are more suitable for amplitude-keying modulation schemes, whilst
MMSE would require modulation schemes where the signals are approximately white
Gaussian noise such as OFDM.

As can be seen in the analyses in this chapter, the channel matrix H must be known as
input data for both the ZF and MMSE algorithms. Based on the model described in Chapter
ILA of a line-of-sight MIMO-OWC system, Chapter 11.C presents an analytical channel-
matrix model for the MIMO systems, and introduces a simple deterministic estimation
algorithm for H, which is judged to be effective according to a metric measuring estimation
errors, also introduced in this chapter. This estimation algorithm will be used for system
investigations in Chapter IlI.

To understand the relationship between the system geometry, Chapter 111 will study

several metrics in simulation to assess their propriety in measuring the performance.
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Chapter Ill.  Metrics for MIMO-OWC

In order to understand the relationship between a particular geometry and the
communication performance of the MIMO-OWC system built on it, this chapter will study
how the channel matrix, as the embodiment of the system geometry, influences the overall
performance, particularly the system Bit-Error-Rate (BER). Three metrics based solely on the
channel matrix will be presented, namely the condition number, the Signal-to-Interference-
and-Noise Ratio (SINR) and the SISO-equivalent Signal-to-Noise Ratio (SNR¥%). A
MATLAB program for MIMO-OWC will also be introduced as a platform to assess the
accuracy of the proposed metrics in predicting the system performance, by conducting

simulated transmission and correlating the BER with each of the metrics.
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A. Modulation-independent metrics for MIMO-OWC

1. Bit-Error-Rate and worst-channel dominance

For each different modulation scheme, the BER can be expressed as a function of the
Symbol-Error-Rate (SER), which measures performance in the actual transmission process
[13]. In MIMO systems, the overall SER is just the average of the N channel SERs. The
relationship between channel SER and the channel quality (represented by the Signal-to-

Noise Ratio (SNR)) takes the general form [13]:
SER, = aerfc(B+/SINR,) Eq.50

Winitzki in [98] introduces an approximation for the function erfc(-):

4 2
_ x T + ax En51
erfc(x) =1 — m 1—exp| —x 1T ax? g.
Where:
(m—3)
=8— Eqg.52
¢ 3n(4 —m) d

This approximation is evaluated as having a relative difference of 3.5- 107* at most
(where x = 1.5) and the difference tends to O for higher values of x, hence this is a good
approximation, especially as the difference is measured in relative terms. Unless the number
of Tx is in the region of hundreds, the discrepancy between this approximation and the correct

value is negligible.

Substituting Eq.51 into Eq.50, with 8, = §,/SINR;, the channel SER becomes:
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4
/ -+ ab? \
SER, = «a \1 — |1 —exp —9i271T+ aelz / Eq.53
i

By plotting the exponential function in Eq.53, it can be seen that, for 67 > 10, the

following approximation for the square-root factor in Eq.53 can start to be used:

4 4
—+ af? 1 —+ ab?
P\ T T a2 2P\ TP 1 ap?

Considering the ratio y;; between the SERs for two channels i and j, using the

approximation in Eq.54:

4
—+ af? é+ 62
1- [1- —p2 L1 e
a exp| =07 T ab? exp _9i271T+a 52
Vij = = 4
4 2 —=+ af?
. _625+a9j exp| —02L /
a exp (Y 71+ a6, Eq.55
j

2 2 i —_ !
-~ exp| (07— o)1+ (3~ 1) (@67 + (a8 + 1>)

Without loss of generality, assuming 67 > 67 > 10, then from Eq.55 with a = 0.14:
> (672 -62)|1+ )L )= (67 —6?) Eq.56
Yij = €Xp| \Y; i - (a2 + 1)2 = exp\Y; i g.

Thus, if the difference (9]-2 —95) is sufficiently large, the ratio y,;; becomes large
enough that the SER of channel i dominates that of channel j in the overall system SER
calculation: for example, y;; > 100 for (67 — 67) = 4.6. If the number of channels N is
small enough (e.g. smaller than 10) and the condition on the difference (sz — Giz) applies for
all j # i, the worst channel i in the system thus dominates the system performance.
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In SINR terms, this dominance is expressed as:

Iny; - Ina

SINR; = SINR; = =1 >~

Eq.57

Where «a is a threshold value for y;; signifying the channel dominance.

This derivation is based upon several successive approximations, which are all

conditional upon:

10
min{f?} = 10 © min{SINR;} = — Eq.58
l l ﬁ

As an example, with § = /0.5 for Binary Phase-Shift Keying (BPSK) [13], this
dominance by the worst-quality channel starts at min, {SINR;} = 20 (or 13dB.) The SINRs
for other channels, whose SERs are smaller than 1/100" of the worst-channel SER
(corresponding to @ = 100) can be as low as 29.2 (or 14.7dB.) As this required difference
diminishes in dB terms for larger worst-SNR, the worst-channel dominance of system
performance can be considered a realistic approximation for most cases.

For the same modulation scheme, SER and thus BER are functions uniquely of the
SINR, as a and B in Eg.50 are modulation-dependent [13]. Therefore, modulation-
independent metrics to represent the system performance must correlate with the SER, as the

ultimate performance metric, in the same way as the SNR does.
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2. Geometry-based metrics
y() = H x X(t) + 7i(¢) Eq.59

Eq.59 describes the transfer between the Tx and the Rx of the modulated signals by
neglecting the DC components in Eq.6. Of the two deterministic components of Eq.59, X(t) is
modulation-dependent, whilst the channel-matrix H, as can be seen from Eq.35, is a function
of only the system geometry (and some constant factors.) Therefore, the metrics must be

based on H, and on other signal-related factors which can be set constant for all modulation

schemes.

a.  Condition number

For a metric based only on the matrix H, it must be able to measure how easily H can
be recovered from Eq.59. The condition number of H, denoted cond(H ), is a suitable metric:
larger cond(ﬂ) leads to worse deviations of the estimate from X(t) [97]. The condition
number is the ratio of the largest singular value of H to the smallest one [97].

The condition-number shows that a non-imaging system generally performs worse than
the imaging one, for the same configurations. As can be seen from Eq.35, a non-imaging H is
relatively uniform, thus the singular values corresponding to the decomposable columns are
zero or very small. The consequently large cond(ﬂ) leads to the low performance of MIMO

detection and decoding.
With the definitional minimum of 1 for condition numbers, channel matrices with
condition numbers between 1 and 10 can empirically be considered ideal. Those with

cond( H) between 10 and 100 can be seen as well-conditioned, whilst cond (H ) beyond 1000

indicate ill-conditioned channel matrices.
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b.  Signal-to-Noise Ratio and Signal-to-Interference-and-Noise Ratio

If a ZF detector is used, the recovered signal for the i*" channel takes the form:

xi'(t) = x,(t) + g, - 1(t) Eq.60

From Eq.60, the quality of this MIMO-detected channel is expressed via the SNR [13]:

E(lx,(O1?) o2 o2

SNR, = ———~ = =
CE(g - mOP) 26 x 6T, o [(Ht x )] R

Eq.61 thus shows that, witha fixed signal variance ¢,? and constant noise power a7, the
SNR of a ZF-detected channel is solely a function of the channel matrix and thus is
modulation-independent. It is expected that due to the similarity of Eg.60 with that of a
typical SISO channel [13], the relationship between this SNR and the SER should follow

closely the theoretical predictions in Eq.50. However, this SNR definition suffers from the

weakness of ZF detection. Since cond(H' x H) = (cond(H))?, thus if H is ill-conditioned,
(ﬂ* xﬂ) also is. This leads to the computational instability of Eq.61 since the inversion
therein involves calculating the reciprocals of very small singular values [97].

In Chapter II.B, it is shown that the MMSE algorithm can alleviate the problem of the
ill-conditioned channel matrix. However, since the cross-talk terms do not vanish with the
MMSE detector, the concept of Signal-to-Interference-and-Noise Ratio (SINR) is introduced

to take into account the cross-talk interferences to the estimate x;'(t) [99, 100]:

E ( ‘ x;iesired 0 |2)

E(|x1imdesired (©) |2)

SINR; = (see definitions of terms in Eq.30) Eq.62

For the ZF detector, the SINR is equal to the conventional SNR, thus for consistency the
ratio in Eq.61 is referred to as SINR?" from now on. The SINR of the MMSE detector can be

shown to take the form [100]:
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0.2

X
2 =
a,%[(g%zwwxﬂ) ]
X

SINRMMSE =
Eq.63

ii
Compared with Eq.61, the addition of (6,>/02)I, in Eq.63 stabilises the inversion,
since the singular values of the matrix to be inverted are all larger than ¢>/02. Thus the

effective noise (denominator in EQ.63) is not much amplified for ill-conditioned H.

c.  SISO-equivalent Signal-to-Noise Ratio

The definition of SINR (and by extension, the ZF-only SNR) so far presented is only
applicable to the post-MIMO-detection channel, which for signal processing purposes is no
different from a SISO channel. For comparison of this SISO-equivalent channel in MIMO
with a true SISO channel, a pre-MIMO-detection metric is proposed. It is defined as the SNR
calculated for the SISO system between the i Tx and the best Rx corresponding to it:

E (|hjixi(t)|2) _ hio?

SNR$ISO = =
‘ E(ln@*) o

with j = argmax(h;;) Eq.64
j

By comparing SINR and the corresponding SNR®°, the interference magnitude can be

seen, illustrating the relative quality of the two MIMO and SISO channels, respectively.
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B. Simulation of MIMO-OWC and results

The previous chapters have discussed the theoretical model of a MIMO-OWC system,
with Chapter Il proposing three geometry-based metrics for the system performance. In this
chapter, a computer-based simulator is introduced for the MIMO-OWC system discussed in
Chapter Il. It also incorporates the processing and estimation discussions in Chapter 11.B and
Chapter 11.C. The results of a computer-based experiment conducted with this simulator are

also presented.

1. Computer-based simulator of the proposed model

a.  System simulationin MATLAB

i.  Structure overview

For research into relationships between the channel parameters and the performance of
MIMO-OWC, a simulator of the system model has been built. The channel is simulated using
the optical ray-tracing package ZEMAX-EE. The main code, written in MATLAB, then
simulates the working of the MIMO system. Figure 12 shows the diagram of the components.

The system configurator is a graphic user-interface which takes user-defined inputs for
the system which are fed to the appropriate modules as control data. The input-data module
generates N pseudo-random bit-streams s(t) of user-defined length. Each of these is encoded
to full-depth NRZ-OOK and passed to the Tx-electronics simulator, where it is oversampled
and band-limited (if selected.)

From this simulator’s output and the channel matrix H(t) supplied by the ZEMAX-
based simulator, the noiseless received data is simulated. Vectors representing AWGN noise

are added to the noiseless data.
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Figure 12. Block-diagram of the MATLAB simulator for general MIMO-OWC

At the Rx-electronics simulator, the output of the propagation simulator is down-
sampled, quantised with an Analogue-to-Digital simulator and (if selected) band-limited again.
The simulator output y(t) is then MIMO-detected with an appropriate algorithm based on the
estimated version of the channel matrix. The MIMO-detected data is (if necessary) post-
equalised in the Rx-side processor module. The output X' (t) is passed into decoders to get
estimates of the original bit streams. These are then compared with $(t) and system-
performance metrics are output.

As discussed in Chapter I11, the studied MIMO-OWC model is strictly LoS in nature,
and the limitation by bandwidths of the Tx and Rx electronics is neglected. Thus:

- The channel matrix H(t) is time-invariant and the OWC propagation simulator is
reduced to a simple matrix-multiplication (cf. Eq.6.) Also, the ZEMAX-based channel

simulator only needs to generate one channel matrix for each configuration, greatly
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decreasing the ZEMAX simulation-time which is the single most time-consuming operation.
Furthermore, the channel estimator needs to run only once for each configuration and design
of the estimation process is thus greatly simplified.

- MIMO-detection is simplified from convolution recovery to multiplicative de-
multiplexing. As can be seen in Eq.7 and EQ.8, the only operations required in this process
now are calculating an appropriate MIMO-detector G and multiplying it with the received
signal streams.

- The multiplicative model of Eq.6 implies that effectively there is no temporal inter-
symbol interference (ISI) in both ¥(t) and y(t). This allows for encoder and decoder to
process the signals as a series of temporally-independent spatial-vectors.

- By allowing the optical power of sources in ZEMAX ray-tracing simulation to include
all multiplicative constants for H (cf. Eq.6), the electronics simulators can be avoided.

It is worth noting that the modularity of this simulator means that in future, extending
this simulator for the operation of different channel types will be relatively straightforward.
The propagation in both general OWC channels and strictly diffuse channels can be simulated
with appropriate channel matrices H(t) generated from ZEMAX, or from suitable analytical

models (see Chapter 11.C.) The other two matrix components of Eq.4, h,,(t) and hy, (1),

can also be configured to be bandwidth-limited in the corresponding simulators.

ii.  Improving simulation speed

To reduce simulation time, two architectural considerations are implemented:

- Channel matrices corresponding to all configurations are generated together in a single
ZEMAX ray-tracing operation before the MATLAB simulator is called. This saves the
computer memory from having to hold idle data useful only in the MATLAB simulation,

since a single ZEMAX simulation can take up to hours to run, as found through experience.
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Figure 13. Geometry of the OWC channel in the experiment (not to scale)
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Figure 14. Block-diagram of the ZEMAX-based channel-model simulator

- As MATLAB only handle variables up to certain sizes [101], it is not possible to test
the system with long data-streams within a single run. Thus a looping mechanism is designed

to repetitively run the simulation with relatively shorter streams to collect sufficient statistics.

b. Channel simulationwith ZEMAX

As already mentioned, propagation of visible light in the MIMO-OWC channel is
simulated with the commercial ray-tracing package ZEMAX. To input configurations to and
retrieve tracing results from ZEMAX, a MATLAB-based controller is built. Figure 14 shows

the exchange of data between this controller and the relevant ZEMAX model.
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Figure 15. An imaging MIMO-OWC model in ZEMAX (not to scale)

Figure 13 shows the geometry of an imaging OWC channel. Figure 15 depicts the
planar view of the channel model used in ZEMAX calculations.

With the Rx system fixed, the ray-tracing in ZEMAX for each Tx is performed by
successively moving the only optical source round the set of Tx positions valid for the current
geometric configuration. This predefined source has a Gaussian intensity profile. All emitted
rays are traced to the photo-detector array. The absorptive enclosure around the receiver
system is to ensure that rays arriving at the detector have to have passed through the imaging
lens, which is analogous to the situation in reality where the lens aperture is the only opening
for light from outside to reach the photodetectors.

For each Tx-Rx combination, ZEMAX collects all the rays from the source position
corresponding to the i" Tx, which arrive at the j™ photo-detector. Using its own ray-counting
algorithm, ZEMAX then outputs the received power for each detector. The ratio between that

figure and the total emitted power of the source is the element h;; of the channel matrix H (¢).

Page 53



2.  Simulation-based experiment

a. Aims

This simulation-based experiment tests the suitability of the three metrics proposed in
Chapter I11.A.2, using the simulator described in Chapter I11.B.1. It also provides empirical

verification for the prediction of the worst-channel dominance as discussed in Chapter 111.A.1.

b. Procedure

1. N pseudo-random bit streams are generated as input to the N parallel Tx processes.

2. For each channel geometry, the simulator runs with those N streams as input.

3. BER and SINR (based on Eq.62) for each SISO-equivalent channel are calculated.

4. Experimental SINR is compared with the SINR calculated from Eq.61 for ZF or
Eq.63 for MMSE.

5. Experimental channel BER is plot against the theoretically-calculated SINR for the
corresponding channel.

6. Experimental system BER is plotted against the lowest SINR at each configuration.

c.  System configurations

As discussed in Chapter 111.A.2.a, the non-imaging scenario is undesirable due to poor
recovery performance, thus only the imaging scenario is simulated. The simulated MIMO -
OWC system had 6 Tx and 20 Rx with the channel-geometry following that in Figure 13.
Variables in the geometry are: power and beam angle of the light-source, number of detectors,
material of the lens, and all geometric sizes and relative positions of all the components. The

system parameters are shown in Table 1.
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Relative centre
displacement of
Rx- and Tx-arrays

Longitudinal

50cm to 500cm (step of 5ecm)

Traversal

-200cm to 200cm (step of
10cm)

Array arrangement

Rectangular: 2 by 3, pitch

6.2cm

Transmitter Lambertian order of source 1

Average power 0.5 mwW

Tracing 2.5 million rays per position

Array arrangement Rectangular: 4 by 5, pitch
Receiver 0.4cm

Field-of-view (full) 150 degrees
ZEMAX optical Imaging lens - Diameter 3cm
simulation Imaging lens - F-number 1

Wavelength 550nm

Stream for each Tx is 50
Symbol length repetitions of 1000 pseudo-

Data stream

random symbols

Modulation scheme

Full-depth NRZ-OOK

Rx processing

Sampling 20 samples per symbol
Analogue-  Amplitude 0.0001
to-Digital

simulation  Resolution 16 bits per sample
AWGN power 10"°.(mod.amp)?

Table 1. Parameters of the 6-Tx 20-Rx MIMO-OWC system in the simulation
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3. Results & Discussions

a. Performance metrics

In this section, the performances of the different metrics introduced in Chapter 11l are
presented.

As discussed, the BER is used as the benchmark against which each of the proposed
metrics is evaluated with regards to how well they measure the data transfer and processing.
The lowest BER level assertable in the simulation are 10™. This is due to the stream length of
50,000 symbols per channel which permits reliable BER estimation to 10 only [102].
Therefore, cases where the simulated BERs were lower than 10 are not shown.

For comparison, each configuration in the simulation was run with both MMSE and ZF
as the MIMO-detection algorithm. In the plots, each point represents the data for a single
geometric position (i.e. a particular relative displacement between the Tx array and the Rx
array.) And unless otherwise noted, the per-channel results are all from the physical channel 2
(corresponding with Transmitter 2) which, by visual inspections, are considered
representative of all channels.

The calculated SINRs are the theoretical values for each channel calculated according to
Eq.61 and Eq.63 from the channel matrix. The simulated SINRs are the ratios calculated
arithmetically from the real signals collected and decoded for each channel using the
fundamental definition in Eq.62.

Figure 16 shows the plots of the system BER versus the condition number of the
channel matrix. The imprecise nature of the BER- cond(H) trends, where one value of
cond(H) can correspond to three orders of magnitude of the BER, excludes cond(H) from
being a good indicator of the system performance. However, the BER-cond(H) trends have

the distinctly inverse-exponential shapes, similar to the classic relationship between BER and
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Figure 16. Condition number vs (a) System-BER?F and (b) System-BERMMSE
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Figure 17. Condition number vs (a) SINR*" and (b) SINRMME

SNR. This thus points to certain correspondence between cond(H) and SINR (or the MIMO-

counterpart of SNR), and this is more clearly shown in Figure 17.

Figure 17 shows the plots of the SINRs for the best and the worst channels versus the

condition numbers. The worst channels and the best channels are defined for each individual

geometric position as the channels that have the lowest and the highest SINR, respectively, at

that geometric position. The plateaued portion, where cond(H) is high, of the MMSE plots in

Figure 17b can be explained by the component (¢,2/a2)1,, in Eq.63. This component starts to

Page 57



dominate when there are channels with corresponding singular values smaller than 1 in
magnitude (for the relevant algebraic manipulations, see, for example, [100].) As such, when
the magnitude of the singular values of the worst channel becomes smaller than 1, the SINRs
of all channels are affected, resulting in flat SINR trends for both the best and worst channels.

The downward sloping portions in both plots of Figure 17 point to a negative-power-
law correspondence between cond(H) and SINR. The exact reason behind this relationship is
not known, and may be a consequence of the distribution of values in H. Further investigation
is essential, since if this SINR-cond(H) relationship is generally true, cond(H) canserve as a
metric to represent the trends of the computationally-involved SINR.

Both Figure 18 and Figure 19 show the channel SINRs plotted against the channel BER,
for ZF and MMSE respectively, as well as the theoretical SNR-BER relationship for OOK
modulation [103]. It can be seen that in all four graphs, there is good agreement, for most of
the range, between the SINR-BER plots and the theoretical relationship for OOK.

Combining these results with the BER-cond(H) and SINR-cond(H) relationships in

Figure 16 and Figure 17, respectively, it can be seen that the SINR-BER relationship shown
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Figure 18. Simulated channelBER“" vs (a) Calc. SINR?F and (b) Sim. SINR*
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in Figure 18 and Figure 19 can be extrapolated for cases where the SINR is higher and the
BER is lower than depicted.

The only exception where SINR and BER do not seem to correspond is in the rightmost
portion of Figure 18a, where against channel-BER is plotted the SINR calculated directly
from the algebraic expression in Eq.61. This violation can be explained by that H
corresponding with large BERs has very high condition numbers (cf. Figure 16) and thus is
highly ill-conditioned. Therefore, the matrix inverse calculation in Eq.61 is prone to errors,
leading to incorrect values for the calculated SINR.

In contrast, the plot between BER and the SINR values obtained from the definitional
formula, where no matrix inversion is involved, corresponds almost perfectly with the
theoretical prediction in Figure 18b.

Thus, the good fit between the SINR-BER plots and the theoretical single-channel BER-
SNR relationship shows that SINR, already used as RF MIMO equivalent of the conventional
SNR, can also be used in the optical MIMO communications to indicate channel quality. Its

modulation-independence and closed-form relationship with H (see Chapter 1l11.A.2.b)

suggests it as a good candidate for the design metric to optimise the channel quality.
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Figure 20 shows the plots between SINR and SNR®° (defined in Chapter I111.A.2.c) for
channel 2. It can be seen that SINR is always lower than SNRY%°: except for the near-0dB
range of SINR in Figure 20b, the differences between SNR*° and SINR are between 20dB
and 50dB for both ZF and MMSE recovery algorithms. Hence the individual MIMO-OWC
sub-channel is always worse than a corresponding SISO channel. Given the good fit of
SINR-BER with the theoretical SNR-BER prediction for OOK, SNR¥° does not to represent
the channel quality well.

Another conclusion from Figure 20 is that under the same operating conditions, it is the
presence of the interference term in the denominator of SINR in EQ.61 that causes the
difference between SINR and SNR™%°. Such huge shifts downwards in dB terms imply that
interference are the main limiting factor in MIMO systems: this inference is also evidenced in
the fact that in more well-conditioned MIMO configurations where SINR is larger, the SINR-
SNRS%0 difference is smaller and this gap increases when SINR gets smaller, as seen in
Figure 20. Thus reducing cross-channel interference would give the largest performance

improvements for a given MIMO physical configuration.
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Figure 22. Calculated vs Simulated for (a) SINR“" and (b) SINRMMSE

Error! Reference source not found. depicts the plots between the SINR for the worst
channel at each Tx-Rx relative position, and the system-BER, and the theoretical SNR-BER
relationship for OOK modulation [103]. For both ZF and MMSE, the worst-channel-SINR vs.
system-BER plots follow quite closely the theoretical relationship for the left half of each
graph where SINR is comparatively high, thus confirming the prediction of worst-channel
dominance presented in Chapter I1l.A.1. The scattering at the right half of Error! Reference

source not found.a is explained by the arithmetic imprecision due to the ill-conditioned H.
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Finally, Error! Reference source not found. shows the plots of the SINR calculated
from definitions in Eq.62 against the SINR for the same channel, but calculated from the
channel matrix. In the ideal case, the plots should have a slope of unity throughout. The
deviations at the upper right and lower left of both plots show the importance of the H -
estimation accuracy. At the higher SINR (corresponding to smaller cond(H) in Figure 17)
small changes in h;; values may cause significant changes in the singular values of H, and
thus in the value of SINR. The imperfection at the lower SINR can be explained by large
values of cond(H) affecting inversion which is more pronounced with ZF than with MMSE,
as already predicted in Eq.63. For the intermediate range, the estimation algorithm introduced

in Chapter 11.C.2 works well.

b.  Spatial distributions

In this section, the spatial distributions of the ‘good’ and the ‘bad’ values of the metrics
of interest are presented in order to understand how the relative geometrical positions between
the Tx and the Rx arrays influence the link performance.

Figure 23 shows the spatial distribution of cond(H) for the true (i.e. not estimated)
channel matrix H. The most prominent feature of this distribution is the presence of the
various radial lobes in an alternating fashion, symmetrical about the median plane of the
system. In other words, for a given distance between the Tx and the Rx, when the azimuthal
angle varies, cond(H) alternatingly increases and decreases in value.

This variation can be explained by the fact that when the Tx moves azimuthally relative
to the Rx, the images of the Tx move across the Rx surface. Two adjacent images thus go
through alternating phases when they both are incident on the same Rx with similar powers,
and when they are incident on two completely different Rx, i.e. they alternate between periods

of high and low overlaps of the different images on the same Rx. Given the interpretation of
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Figure 24. Contours of condition number: Polar displacements (radial distances in mm)

condition numbers as indications of the overlapping level, the existence of radially-distributed
lobes is thus explained.

A corollary from this explanation, whose evidence can be seen in Figure 23 but is more
prominent in Figure 24, is that the lobes at larger radial distances tend to be relatively thinner,
i.e. lower ratio of width to length, than those at shorter radial distances. This is the direct
result of the fact that at larger distances, the Tx images on the Rx surface are smaller, thus the
transition between high and low levels of overlapping takes place over smaller angular

variations, leading to the apparent thinness of the lobes.
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Figure 25. Contours of system BER using (a) ZF and (b) MMSE (displacements in mm)

The straight- line boundaries at the lower corners of Figure 23 and the vertical cut-offs at
about £65 degrees in Figure 24 correspond to the nominal field-of-view of 150 degrees (full
angle) of the Rx system.

Figure 25 shows the spatial distributions of the system BER when recovered with ZF
and with MMSE. It can be seen that these BER spatial distributions take a broadly similar
shape to the cond(H) distribution shown in Figure 23, which attests to the rough correlation
between cond(H) and the system BER as depicted in Figure 16. There are two main features
of these spatial distributions which distinguish them from Figure 23.

The first feature is that the lobes in the BER distribution are far less pronounced. In fact,
besides the two central lobes (about the 0-cm traversal displacement) the other lobes are only
discernible at the lower-valued contours (see also Figure 27 and Figure 26.) This indicates
that techniques reducing cond(H) only by separating the images without other improvements
(e.g. increasing collected optical powers) have smaller effects on improving the overall

system performance.
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Figure 26. Contour plots of BE vs displacements for (a) Worst and (b) Best

channels

The second is that the system performance quickly degrades at BER~1072. This is
shown in a sharp boundary dividing the region of acceptable performance (BER < 2 -1073)
and that of unacceptable performance, as evidenced in the small spacing between the
successive contours. This shows that at the ‘right’ order of magnitude of cond(H) (in this
simulation, about 103 and below) a small improvement of the image overlaps can result in a
large improvement in system performance. Thus, image-separation technigques are most
effective for the more benign channels where the elements of H are relatively dissimilar®.

Figure 26 and Figure 27 show the same distributions for both the worst channels and the
best channels (found for every individual spatial position, cf. Figure 17). It can be seen clearly
that the worst-channel distribution is almost identical to that of the overall system in the
region of smaller BER, thus reinforcing the notion of worst-channel dominance as discussed

in Chapter I111.B.3.a. As a result of this dominance, only increasing the transmitted power

$ When the elements of H become too similar, cond (H) quickly increases, approaching infinity when the

elements are all identical. There is a body of mathematical research on the bounds of condition numbers imposed
by the magnitude of matrix elements, which, however, is outside the scope of this thesis and is not reported here.
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would only increase the system performance by the same factor as a single channel (i.e. the
worst one) is improved, thus losing advantages of the MIMO technique. Therefore, it can
again be seen that improving the condition number of the system is much more beneficial
than a simple power boost.

At positions with higher BER, the overall system performance is approximated by
neither the worst channel nor the best channel—cf. Figure 25. In these ill-conditioned regions
(i.e. when the performance is poor and the BER is very high), especially for the worst
channels, the MMSE algorithm is superior to the ZF, whilst offering similar performance in
well-conditioned regions. This is in agreement with the theoretical predictions in Eq.61 and
Eq.63 that when H is well-conditioned, MMSE results converge to ZF.

In the region of ill-conditioned H, despite the BER for both ZF and MMSE being too
high for currently known uses, it is worth noting that MMSE is vastly superior to ZF, with the
contours enclosing much bigger areas. For example, the 10 contour with MMSE covers
almost twice the ZF area, and almost all of the simulated area.

Both Figure 26 and Figure 27 show that the best channels have much better
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Figure 27. Contour plots of BER*" vs displacements for (a) Worst and (b) Best channels
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performance than the overall system (i.e. the average): firstly, the sub-10"° BER region of the
best-channel BER is bigger, almost three times as big with the MMSE recovery in Figure 26;
and secondly, the transition between this region and the ‘unacceptable’ region is more gradual
This implies that even where the overall-system performance is considered unacceptable, it is
still possible to form a communication link using a subset of the channels. An appropriate
algorithm, such as water-filling, can be used to select the optimal subset for a given channel
matrix by allocating the Tx power to the desired channels only [13, 80].

Another corollary from Figure 26 and Figure 27 is that, even though the worst-channel
performance is similar using either ZF or MMSE, the best channels are very different for the
two algorithms, which appear to ‘scale up’ the performance of the better channels (cf. Figure
26b and Figure 27b.) As such, a careful selection of the MIMO-detection algorithm, even
though it has little to no impact on the system performance as a whole due to the worst-
channel dominance, is still of great importance, especially for the channel-subset optimisation

mentioned before (cf. water-filling algorithm for Tx power allocation in RF [80].)
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C. Conclusion

In this chapter, to measure the theoretical quality of a particular geometry, three metrics
have been proposed: the condition number, the Signal-to-Interference-and-Noise Ratio
(SINR) and the SISO-equivalent Signal-to-Noise Ratio (SNR®°.) These metrics are all based
on the channel matrix, and independent of the signals. Simulated transmission for the MIMO-
OWC system using a MATLAB-based program shows that the channel SINR is the most
appropriate metric as it correlates well with the ultimate transmission metric of BER. The
simulation also illustrates that the condition number of the channel matrix, although not
possessing a well-defined relationship with the system performance, can also be used as a
rough predictor of the performance.

Also, from the theoretical investigation in Chapter I11.A.1 of the formula for system Bit-
Error-Rate (BER), it has been predicted that the overall performance of a MIMO system
would be mostly dominated by its worst channel. This theoretical prediction has been
subsequently confirmed with the data obtained from simulation. Combined with the insights
on the channel SINR, this result is significant in that, to improve the overall system
performance, the most effective way is to maximise the SINR of the worst channel.

As the channel SINRs are functions of the channel matrix, which in turn is a
representation of the level of overlaps of the different transmitter images over the receiving
photo-detectors, one of the ways to improve the SINRs is to steer the transmitter images such
that their distributions over the photo-detectors would reduce the overlaps. Ina MIMO-OWC
system using visible light sources such as light-emitting diodes, this equates to performing

beam steering for partially coherent light.
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Chapter 1V will study the theory of such a beam-steering operation using holograms and
lay the analytical foundations for a family of novel hologram-generating algorithms for the

partially-coherent-illumination regime.
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Chapter IV. Theoretical analysis of
holographicbeam-steering for

partially-coherentlight

In Chapter Il1, simulation results show that improving the condition number of the
channel matrix is the chief means to improve the MIMO performance. One way to alter the
channel matrix is to use beam-steering techniques to move the transmitter images to desired
locations on the receiver plane. Holographic techniques have been extensively used in

forming different illumination patterns with coherent light [32, 34, 37, 53, 54, 56, 58, 59, 64,
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65, 72]. For visible- light optical wireless communications where MIMO is typically proposed,
the partially-coherent nature of the illumination makes the use of holograms less
straightforward. General theories on the propagation of partially-coherent light have been
available for nearly 80 years [73-75], but only recently have holograms started to be used with
partially-coherent illumination [66, 70]. In this chapter, starting from the first principles of
partially-coherent-light propagation, the theoretical foundations for holographic beam-
steering will be discussed: equations will be derived relating the input and the desired output

via the hologram; and two algorithms will be proposed for the search of that hologram.
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A. Formulation of the partially-coherent propagation

1. For the general case

The generic relations between the source and image intensities given in 89.5.1 and
810.6.3 of [75] depend on a system-specific variable, which is not straightforward to calculate

for partially coherent illumination. Therefore, for the partially coherent systems of interest,

Koo Holographic Irmage
plane dusplay plane
fiw . vt Al vl oM. v, 4

I

Figure 28. Schematic of the general holographic propagation

the full propagation will be analysed from first principles and the relationship between the
source and the image will be derived.

Figure 28 shows the schematic of the system under analysis. Light from an incoherent
source with intensity distribution I(xg,ys) propagates to a holographic display device to be

modulated by a hologram with transmittance K(¢,v) before propagating to an image plane
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where the intensity is recorded. Using the van Cittert—Zernike theorem ™ [75] for
propagation of partially-coherent quasi-chromatic illumination, the mutual intensity at the
front of the hologram plane can be expressed as: (k is the wave number of the mean

frequency of the quasi-monochromatic illumination)

]k(r1_r2)
J(H,H,) = ff I(xs,ys) e dxgdyq Eq.65

2
XsYVs

With the hologram modulating the field distribution of the incident light, the mutual

intensity at the back of the hologram plane becomes:

]k(r1 73)
J/(H H,) = K(H,)K*(H,) ff I(xg ys) S o dxsdys Eq.66

12
XsYs

Another step of propagation using the van Cittert—Zernike theorem gives the image

intensity at image plane as: (with s; = H;I, s, = H,I)

Jk(51_52)
J(1) = j/(Hl.Hz) — AH)A"(H,)dH, dH, Eq.67

S152
Hy, Hp

Assuming paraxial rays, a propagation distance r from the source plane to the hologram

plane can be approximated as: (where (¢,v) = H)

— 2 - 2 1/&E — 2 1 /v—= 2
r:dlju(fdxs) 2 2 (115 S 2)) e
1 1 1 1

Hence, the exponential phase term in Eq.66 becomes:

“* The van Cittert—Zernike theorem assumes that the source is planar, at least spatially incoherent, of a small

angular size and sufficiently distant from the observation planes. It also assumes that the illumination from the
source is quasi-monochromatic, i.e. the spectralspread is much smaller than the mean frequency.
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(. $1—%§ 1 —
eXp(jE(ﬁ - 1’2)) ~ i /eXP <_]k (xs dy St s - d, vZ))\ Eq.69
nr Cd? k exp (jE (& +vi) - (& + 1/22)) ) 4

2d,

Substituting Eq.69 into Eq.66, grouping the variables together and denoting the Fourier
Transform I(w,y) = Tw,w{l(x,y)}, the mutual intensity J(H,, H,) before the hologram

becomes:

1 (&3 +V2)—(f +v3)
dfexl)(]k 1 1 7, 2 2 )

(xs, )
b))
dy

I, (exp( Jxs

.](Hll HZ) =

dxsdys

' kv, —v,
exp (‘]3’5 (v d, - )> Eq.70

( MG vf) —~ (Ez + v§)>\

k(f1 &) k(V1_V2) |
&g ) )

According to §10.4.4 [75], the inclination factor A(-) is accounted for by K (+), thus the

intensity at the image plane is:

Jk(sl_sz)
() = f J (. Hy) S K(H K (H,) dH, dH, Eq.71

5152
H; H

Substituting Eq.70 into Eq.71 and using a similar approximation as in Eq.69 for the

exponential phase in Eq.71, the image intensity becomes: (where (u,v;) =1)

Page 74



g KHDK )

<k($c1 §,) k(V1_V2)>

dy

J( = ff .I:f exp( + v, Y1 d_2Vz>> d&, dv, d&, dv, Eq.72

§1v1 &0,
(51 + Vlz) - (fz +V22)
P\ 2d,

(.-(ff +vi) - (& +v22)>
exp|jk

2d,

The quadratic exponential terms in EQ.72 can be re-written algebraically as follows:

o (G D - @ VD (VD) - (G + D)
Py 2d, Py 2d,

— exp <]k dd‘;zd ((51 &) + 252)@1 - &) ‘|2‘ ((V1 -v,)+ ZVZ)(V1 - Vz)> Eq.73

= ‘p((€1 — &), (v, — Vz)rscz'vz) = @(A¢,Av, &, v,)
Substituting Eg.73 into Eq.72, the image intensity can be expressed as:
1 k k A

zaz \g 2o A

J() = ff exp (_d_z (AL + UIAV)) dAéd Av Eq.74

A&, Av

K(&, + A& v, + AV)K*(E,,v,)
dé, dv,
¢(A€; AV, 521 Vz)
It can be seen from EQq.74 that there is no general closed-form, mathematically exact
solution for the image intensity in the holographic set-up depicted in Figure 28. However, in
certain cases, simplification can be made to turn Eq.74 into a functional relationship between

the hologram and the image intensity distribution.
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2. In the Fraunhofer region

In the Fraunhofer (i.e. far-field) region, the longitudinal distances of the propagation are
much bigger than the traversal distances: d,, d, > (¢ + v{), (§2 + v$). Hence the quadratic
term in Eq.73 can be approximated as ®(A¢, Av,&,,v,) = 1.

This approximation simplifies EQ.74 into:

1
mar'(542.)

]Fraun (1) = ff exp <_ d_z(uIAE + U[AV)) d A& d Av Eq.75

A& Av

ﬂ K (&, + A&, v, + Av)K*(&,,v,) d&, dv,

$2V2

By recognising the inner integral in Eq.75 as the autocorrelation Ry, (A&, Av) of K(&,v),

the Fraunhofer image intensity thus becomes:

/ ( Av) x (D&, Av) \

Jmun(l)—m | k : )dAs‘dAv Eq.76
s

A&, Av —u A — Jd v Av

The right-hand side of Eq.76 is the Fourier Transform of I (dEAf,dEAv) Ry (A&, Av).

Thus, the image intensity can be expressed as:
1 [ k k
Jrraun (D = ddeTk u, ; d_lAf’d_lAv RKK(AE:AV) Eq.77

Compared with the general image intensity in Eq.74, the image intensity for the
Fraunhofer region as depicted in Eq.77 is much more tractable and shows a direct functional

relationship with the source intensity and the hologram.
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3. In the Fresnel region

In the Fresnel (i.e. near-field) region, approximations cannot be made for the quadratic

term in Eq.73, which can be re-written as:

/exp (]kdétidz (a8 ‘2|' (Av)? )\

D(AE AV, E,,v,) = Eq.78
kexp <]kd d+dy (&,A¢ +v2Av)>)

Substituting Eq.78 into Eq.74, the following expression for the image intensity in the

Fresnel region is obtained:

/ ( Av) G (A¢,Av) \
| d + d (A2 + (AV)?) |
]Fres(l) = d2d2 ] | exp 2 idAfd Av
A& Av
\ exp <——(u A¢ + vIAv)> / Eq.79
1 k k _d; +d, (A&)? + (Av)?
d2d2 ——Fr ulf ) {f(d—lAf d—Av) G(AE, Av) exp( 4., 5 )}
Where the function G (A&, Av) is defined as follows:
K(& + Aév, + AV)K™(&,,v,)
G(AE, Av) = U exp <jl€ dil ddz (&,0¢ +v2Av)> dé, dv, Eq.80

&V, 1“2

As can be seen in Eq.79, the function G (Aé¢, Av) contains all the information about the
hologram, but Eg.80 shows that it does not have a mathematically closed form, that makes it a
simple function of the hologram. As such, the formula in Eg.79 cannot be reduced into, and
consequently the physical set up in Figure 28 cannot offer, a closed-form relationship between

the input intensity, the hologram and the image intensity.
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B. Propagation in a two-lens configuration

The formula for the image intensity in the Fresnel region as seen in Eq.79 differs from
that for the intensity in the Fraunhofer region in Eq.77 by a quadratic term, which hinders
algebraic simplification. This hints to the inclusion of lenses into the propagation path to
eliminate such quadratic terms (cf. [76].)

The Fraunhofer solution is valid for cases where the distances d, and d, are infinitely
large. In geometric optics, such scenarios are equivalent to the cases where the beams are well
parallelised and the rays are asymptotically parallel to each other. To bring the images from
infinity back to more realistic distances, the geometric-optics solution is to use convex lenses
to collect and focus the parallelised beams into planar images (see Figure 29.)

In this section, a rigorous analysis is presented for the propagation from the source
plane to the image plane, via two lenses and a hologram as set up in Figure 29. Although the
final results appear similar to those expected by Fourier optics (cf. [76]), this analysis is

significant in proving that those results are applicable for partially-coherent systems, where

Source Parallelising Holograplie Collecting Image
plame lens dasplay lens plane
M. ¥, £ Kl v FA K, v, )

Y a

- -

L, H, ™ C,

5
I
L_- | H: '.-.'_. -'I
\ L. \ \
f, d d, f

Figure 29. Schematic of the two-lens holographic propagation
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the input wave-front is not planar and the final image is detected as intensity distribution
(rather than a field distribution as in [76].)

The inclusion of the lenses requires the analysis of the new intermediate propagation.
By putting a convex lens with focal length f; between the source plane and the hologram
plane such that the source plane and a focal plane of the lens coincide, the mutual intensity

immediately after this parallelising lens can be written as: (where (6,9) = L)

1
/ I(XS'Ys)f—lz

I (. 6 =6 0 _‘9 |
J(Ly,Ly) = ff| exp —Jk(xs 7 +¥s [dxsdys Eq.81
1

*sYs 2 2y _ (02 2
kT(L)T (L)exp( (6 +19) (9 +19))

_—

Where T, (L) is the transfer function of the lens, given as [76]

T,(L) = exp(—]k (O°+9 )>

7 Eq.82

Thus, T,(L,)T;(L,) cancels out the quadratic term in the integrand of Eq.81, and

simplifies the mutual intensity J(L,,L,) into:

kA6 kAO
Eq.83

’(Ll’Lz):fl <f1 T

Applying the van Cittert—Zernike theorem for the propagation between the
parallelising lens and the hologram plane, the mutual intensity immediately before the

hologram is: (where r, = L,H;, , = L,H,)

e]k(7'1 3)

J(HLH,) = f JQy L) ———dL, L, Eq.84

nrn
Ly L,
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Using a similar approximation as in EQ.68, the quadratic phase in EQ.84 can be

approximated as: (where (¢,v) = H)

(; — 1) = (A§ — A0)((AE + 2&,) — (A6 + 26,))
Eq.85
+ (Av — A9 ((Av + 2v,) — (A9 + 29,))

By substituting Eq.85 into Eq.84, assuming paraxiality and neglecting the quadratics of
the deltas, the mutual intensity immediately before the hologram plane can be evaluated by

separation of variables as follows:
/ 1 I(EAH EAﬁ)
fdi \ i’ fi
(A AB) (&, — 6,)
J(H,,H,) = ff| exp ( - dfz >

\I
|
|

ALL2\ (_(AV—Aﬂ)(V2_02)>)
exp| jk

dy

1 ,EAE(&’Z —-6,) + Av(v, —9,)
el )
/ 7(@ Eﬁ) \
= ﬂ | Efe fé —o)\ | 4, db, Eq.86
6,9, j |exp<—j 7 L Zd z ) | dAB dAY q
8089 k KA f,(v, — 9,) )
P (‘J i 4 )

/ (fl(e —52),f1(192dl— v2)> \

k2d2 H \exp< _AE(; — &) + Av(d, —v2)>/| d6, db,

92 192
dy

1 i(EAE EM)
_Ezﬁz fi ’ fi
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Comparing the mutual intensity in Eq.86 with that obtained for the no-lens case in

Eq.70, it is obvious that the inclusion of the parallelising lens helps eliminate the quadratic

already, which agrees with the analysis in [76].

2
term exp (]k ('51 +V1) (52 +v; )

Using EQ.86, the mutual intensity immediately after the hologram plane is thus:

Eq.87

kAE kA
J'(HH,) = : V)

I|—

k2f2
Again, applying the van Cittert—Zernike theorem for the hologram-collecting lens

propagation, the mutual intensity before the collecting lens is: (where s; = H,C,, s, = H,C,)

elk(51 S2)
J(C,, ) = f J(HH) S aH, dn, Eq.88

5152
Hl HZ

Using Eq.68 for the quadratic approximation of distances, the intensity distribution at

the back focal-plane of the collecting lens (focal length £,) is: (with ({,n) = C, (u,v;) =1)

J(C,,C,) exp <_]k(u1 (1; ¢ 4 v1771 ; 772))\
]()_f_ H | G+ — +2 2) 2 |dc,dC,  Eq.89
2 Cy, Cz\ ( {Z+ T Mm T3 )TZ(Cl)TZ*(CZ)

As with the parallelising lens, the term T,(C,)T, (C,) cancels out the quadratic term of

the propagation, simplifying EQ.89 into:

J(D =fi22 ff](Cl,Cz)exp (—jE <ué,—j+ v %)) dc, dC, Eq.90

C;..C,

Substituting J(C,,C,) from Eq.88 into Eq.90 and expanding the quadratic phase, the
integral part G(I) of the image intensity J(I) can be evaluated in the following steps with

separation of variables:
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—i(kfif %)K(AH+ H,)K*(H,)

e [ exp(_]k(ul a +U1§j))

dAH
<dﬂz>

dAC

AC,C, AH,H, exp (jE (A¢ - A(d)(fz )> dC,
2

(.- (Av—An) (v, — n2)>
exp| jk p

(k?f kﬁlv) K(AH + H)K* (HZ)\

I
exp <—]k <u1?5+ 4 ?g)) /

i d(zz - fz)
| d(nz - Vz)

|/I
il

AH,H,,AC

dAC
(an, )
dAH

Eq.91
1 (kAE FAv
|/ ﬁi(Tl T) K(AH+ H,)K*(H,) \I
_ | ud, kAC v dz kAn |
_AH£ | j‘/exp< ( }2 dz j dz kA( kAn | dHz dAH
' k \ (k(AC AS) k(An Av) ) )
AC dz

lf<kfif %)exp(—]k U — +vI )

(]
i k fK(AH+ H,)K*(H,) dH,
H;

[
)

k
I <f1 A&, — 7 Av) Ry (A, Av)\

_1 j |/ |d A& d Av
kZAf,Av \exp <—j (ﬁAE +mAv>>/
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The last result in Eq.91 is the Fourier Transform of i(fEAE,fEAv)RKK(AE,Av).
1 1

Therefore, the image intensity can also be expressed as a Fourier Transform:
JD) = ! { <kA§ A) (AEA)}
= v , AV =
R K fi e

‘w7 R

This formulation is almost identical to that for the image intensity in the Fraunhofer

Eq.92

region without lenses (cf. Eq.77), except for the different scaling factors. Thus, Eq.92 can be
used to model the image intensity in both the Fraunhofer and Fresnel regions. '

It can be seen from EQq.92 that any hologram K (¢, v) that successfully steers a point-
source beam (a Kronecker delta in the ideal case) to I,,, also offers similar steering capacity
with a source of a different intensity distribution. This can be shown mathematically as a
convolution between the point-source image intensity j(I) and the true input intensity

distribution I(x,y):

JD) =E6L]QRKK<%1)*1(—%1) =](1)*1(—;—:1) Eq.93

Therefore, the hologram search can be performed with a point source, and it still works
when used with a different source distribution. It also means that a hologram that successfully
steers one source also gives the same steering performance with any other sources.

However, it must be noted that: since Eq.92 is derived for partially coherent propagation

whilst a point-source is spatially coherent, Eq.93 is only mathematically correct and useful in

"1t should be noted that Eq.92 can be derived in a less rigorous manner by marrying a geometric-optic treatment
of the 4-f correlator[76]  J. W. Goodman, Introduction to Fourier Optics, 2nd ed. Singapore: McGraw-Hill,
1996. with the result presented in [75] M. Born and E. Wolf, Principles of optics: Electromagnetic theory
of propagation, interference and diffraction of light, 7th ed. Cambridge: Cambridge University Press, 1999..
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obtaining the desired hologram, whilst not useful in simulating propagation in physical
systems.

The significance of the result in Eq.92 is that, givena simple and realistic 2-lens set-up,
the image intensity distribution in the image plane can be easily calculated using the known
distributions at the hologram plane only, without any propagation to the image plane.

For a given input and a desired output, Eq.92 and EQ.93 only offer the continuous
autocorrelation function as solution. This continuous autocorrelation will have to be translated
into a discrete hologram for digital display devices. To minimise quantisation errors, the
simplest solution to this translation is to carry out a hologram search. The next section

proposes two criteria and corresponding algorithms for such a search operation.
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C.

Proposed algorithms for hologram search

Figure 30 depicts the flowchart of the direct-binary-search as the hologram-generation

algorithm [38, 54, 58, 59, 61, 63, 65]. It requires a new replay to be calculated for every

hologram pixel-change using a four-dimensional integration to propagate light from the

source plane to the image plane (cf. Eq.74.) This computationally costly calculation can be

avoided by using Eq.91 to move the comparison target from the image plane to the hologram

plane, thus forming a new iterative hologram-search algorithm type which only require the

propagation of the desired image to the hologram plane.

Initialise step
- Initial hologram & replay
= Initial error

A

Cutpist current
hologram

End

Caleulate new
hologram, replay and

o to next teration iy

?

Update {0 new values

YES

Accept
the new values
?

MO

Figure 30. Flow-chart for direct binary search
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1.  Cost function for new hologram-search

A hologram search is an optimisation process through which the different holograms are
iteratively assessed by a given cost function to find the hologram that gives the best
performance. Given the importance of the cost function as criterion to determine a hologram’s
performance, it can be seen that different cost-functions give rise to different search-
algorithms, even when using the same underlying iterating structure.

The generic cost function for any search algorithms can be written as a function of the

difference between the current search state ¥, and the desired state ¥,:

e(W)=f(¥ —,) Eq.94

From Eq.92, it can be seen that for a given source intensity distribution I(x,y) in a
system with fixed parameters (hence the constants in Eq.92 are fixed), the image intensity is a
function only of the autocorrelation function R, ofthe hologram K. Therefore, the search for
a hologram that gives the desired image intensity can also be interpreted as the search for a
hologram whose autocorrelation function is closest to a desired autocorrelation.

This points to two directions for developing the cost functions: the first is to use the
image intensity J(I) directly as the state ¥ in Eq.94; whilst the second is to use the
autocorrelation function Ry as ¥. Each cost function formulated from these development
directions will become a different search criterion, and as discussed, give rise to a
corresponding search algorithm.

In this analysis, the aim is to compare the performance of autocorrelation-based
differences and those based on the full image-intensities. Therefore the form of f(+) in Eq.94

is taken as the simple mean of squared differences between two distributions, and its
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optimisation is the well-known minimum mean-squared-errors (MMSE) process. Other cost-

functions have been studied elsewhere (e.g. [61-63, 104].)

a.  ACF criterion—Hologram autocorrelation as search state

Replacing the state ¥ in Eq.94 with the autocorrelation function R, of the hologram K,

the cost function as the mean of squared differences can be expressed as:
e(R) = Jf |Rix (@, B) — Ryk ,(a, ,8)|2dad,8 Eq.95
ap

Using the relationship developed in Eq.92, Ry, (a, B) can be expressed as:

(-EonEo)

Ryx (a,B) = k°ff = Eq.96
(Eafe)
hTh
Substituting Eq.96 into EQ.95, it can be seen that the cost function becomes:
E 2
~5#) -t (70~ 16)
e(R) = k°f? j f = E z dadp Eq.97

(;’f‘i )

Since two functions with identical Fourier transforms are identical, Eq.97 thus shows
that e(R) based directly on the autocorrelation function R, as expressed in Eq.95 does give
a measurement of similarity between the current image intensity and the target intensity.

Consequently, e(R) is a valid cost function for the hologram search and will be known as the

ACEF criterion.
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b. IMG criterion—Image intensity as search state

The cost function is defined as the mean of squared differences between the current

image intensity J(I) and the desired distribution J,(D):
e(]) = const f (D —J,(D]*dI Eq.98
I

Where J(I) is the normalised intensity distribution, defined as:

=20

Or) =499

Neglecting the constant, the integral in EQ.98 can be expressed using Parseval’s

theorem as: (where ]:(Z) is the Fourier Transform of J(I))

e(J) = flf(Z) —fd(z)lzdz Eq.100

Z

From the definition in Eq.99, the Fourier-domain function ]:(Z) takes the form:

il JO | _FI® @ @ o 101
foJmar) fojmadr fojmadr J0,0)
Substituting Eg.101 in to Eq.100, the cost function becomes:
]2 J.2) |
= - d Eq.102
° f oo 7,00 “ |

From Eq.92, J (a, ) as the Fourier Transform of the image intensity can be expressed:

J(a, p) = E%*T(_%“’_%ﬂ) Rk (—%a,—%ﬁ) Eq.103
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Substituting Eq.103 into EQ.102, the cost function, as a function of the hologram

autocorrelation, then takes the form:

_fza’_leg> Ry (_I—z“a: _I;ﬁ)

I
o T k_k
e(R)=e()) = fﬁ I(0,0)R,,(0,0)
2 Eq.104
Ja(a, B)
— ]d(TO) adf

Eq.104 shows that the cost function based directly on image intensities can be expressed
as that of scaled autocorrelation functions. Thus, an appropriately scaled autocorrelation
function can be taken as proxy for the image intensity in the hologram search process.

The search algorithm using Eq.104 as the fitting criterion (named the IMG criterion)

will be referred to as the IMG algorithm
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2. Hologram-search algorithms

a.  Architecture of the algorithms

Figure 30 depicts the flow-chart describing the architecture of the hologram-generating
algorithms using the autocorrelation-based ACF and IMG cost-functions.
The algorithm starts with taking in the intensity distribution I of the source, and the

desired intensity distribution J,; for the image as input arrays. From these, the desired

{ Start }

n=1
- Caleulate Ry
- Calculate Kye, Rur
- Calculate 2= gyp

Iﬂ Increment n )

&

Is

g < tolerance or

n = kg
)

e . Calculate new
K.R and =

Update K and 2 to new
values

A

. 4

|:|U1P'-.|l I'<c.|rr||| "lrES
as hologram ¥

| - Caleulate e-change & MO

- Calculate probability fia, n)
n - Generate random X in 0.1

Figure 31. Flow-chart for the autocorrelation-based algorithms
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hologram autocorrelation R4 can be calculated from Eq.92. These distributions are stored as
pre-loaded and pre-calculated array constants.

As part of the initialisation phase, the algorithm also initialises the hologram K to a
random state K; ., of a binary-phase array, and calculates the corresponding autocorrelation**
R; ;¢ OF this hologram. From this R;,;, and the pre-calculated R4, depending on the algorithm
and its respective cost-function as discussed in Chapter 1V, an initial value ;. of the search
error is calculated. If this value is smaller than a certain constant which represents the
algorithm’s tolerance for differences between the realisable quantised hologram and the
desired one, K;,;, is output as the search result. The algorithm then stops.

If the initial error is larger than the tolerance constant, then the algorithm enters the
iteration phase where each iterative loop has two steps—yproposal step and evaluation step—
in order to decide if the hologram needs to be updated.

In the proposal step, a hologram K., ,,seq 1S generated, differing from the current
hologram by one pixel. The corresponding autocorrelation R, ,,seq and the search error
Eproposed Of this proposed hologram are obtained.

In the evaluation step, an evaluation metric A is calculated from & which is the

proposed’

signed difference between ¢,,,,,s.q and the searcherror ¢ for the current hologram. An

current
acceptance probability f(A,n) is also calculated by a simulated-annealing algorithm for this
current iteration (indexed as n.) A random variable is then sampled from the uniform
distribution between 0 and 1: if this variable is smaller than f(A,n), the current hologram is

updated to the new value of K,.,,0seq- Otherwise, the current hologram retains the value it

* The autocorrelation is calculated using circular convolution to account for the effect of hologram-padding in
the experiment with the SLM—see Chapter VI.B.2.

Page 91



has at the start of this current loop. The iteration index nis incremented regardless of the
evaluation decision.

In order to determine whether another iteration is needed, the error value for the current
hologram (new if updated) is again compared with the tolerance constant. If the error is
smaller than the tolerance, then the algorithm outputs the current hologram as the search
result before stopping. Otherwise, the algorithm enters a new iteration of the loop.

To avoid infinite looping, an upper limit for the number of iterations is set, which is the
constant N, as discussed in Chapter IV. This limit is taken as a multiple of the number of
hologram pixels N so that each hologram pixel is evaluated the same number of times for
potential update. Once the index n reaches the upper limit of N,, the search terminates, the
algorithm outputs the current hologram and stops.

The algorithms based on this architecture and using the autocorrelation-based criteria

are named, according to the corresponding criteria, the ACF and the IMG algorithms.
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b. Probabilistic hologram-search with simulated annealing

The hologram-generation algorithms have an optimisation process as the core.
Deterministic gradient-based optimisation techniques suffer from the impossibility to escape
local minima once trapped and thus works only with convex functions [105]. For a function
whose convexity is either theoretically or empirically not guaranteed or unknown, stochastic
optimisation offers a convenient solution to the local-minimum traps [106]. The idea is that
the move from one state to another always has a non-zero probability. Thus it is still possible
for the optimiser to escape local minima to neighbouring states despite their higher values.

One of such techniques, simulated annealing [1] varies the probability P,...,, Of
accepting a new state according to an improvement metric A, and a monotonically-decreasing
non-negative scheduling parameter T. The probability function proposed in [1] is found to
give unsatisfactory termination to the search due to its very low probability of accepting non-
improving new states throughout the range of T. A new probability function is developed for

these autocorrelation-based algorithms. Figure 32 shows this new function of P against

accept

A and T as implemented in the simulation.

The mathematical formulae for the variation in Figure 32, and the relevant control

Figure 32. Variation of P, With A and T as used in the MATLAB simulation
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values found through empirical adjustments are:

A=e,(¥)—e,_,(¥)
T =300exp(—150n/N,)
1 1 1 1
g,(T) = 2 + Eexp(—lOT); g,(T) = 5~ Eexp(—lOT)

oD (7) - DTS

o (1) -T2

Eq.105

f(A,Tl) = Paccept(A'T) =

Where: N,: total number of iterations to perform in the operation; n: index of the
current iteration; e, (¥): error value of the n™ iteration against the target distribution (cf.
Chapter 1V). The detailed derivation of Eq.105 can be found in Appendix A.

Once Py.cepe Is calculated for the current iteration according to Eq.126, the hologram

generator is faced with a probabilistic decision: it should only update the hologram to

Kproposea With Pgccep,e Probability, whilst the hologram should remain unchanged with

(1 = Pyccept) Probability.
Towards the end of the simulation loop, the temperature T drops to a sufficiently low

value that the probability P becomes essentially 1 for negative A, and O for positive A

accept
(see Figure 32.) The optimisation now settles into a search for the local minimum in the
vicinity of the current state, and terminates once this local minimum is found. The hologram

corresponding to this local minimum is the output of the whole algorithm.
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D. Time-complexity of the proposed algorithms

To evaluate the speed of execution of the proposed autocorrelation-based algorithms, a
worst-case analysis is performed using the O-notation [107]. As can be seen from Eq.95 and
Eq.104, the cost-function calculations for the ACF and the IMG algorithms both involve the
autocorrelation function Ry of the hologram K, differing only by a scaling with the Fourier
transform I of the known input intensity. Therefore, if assuming the scaling operation is
computationally inexpensive and thus negligible, the two algorithms can be considered as
identical in terms of complexity.

Table 2 shows the breakdowns of the expensive operations for the autocorrelation-based

algorithms (both the ACF and the IMG) and for the direct binary search. These operations can

Phase Autocorrelation-based algorithms Direct binary search

- Calculate desired ACF from desired image | - Calculate initial replay field from initial

(tforward) K (tdir)
Initialising - Calculate initial Ry, from initial K | - Calculate initial value of cost function
(l iteration) (tconvol) (terrfcalcfdir)

- Calculate initial value of cost function

(terrfcalcfacf)

- Update Ry, from K (t.onvol) - Update image from K (tg;,)
Optimising
- Update cost function (te caic act) - Update cost function (te caic qir)
(N, iterations)
- Evaluate costfunction (teya;) - Evaluate costfunction (tgqa1)

Table 2. Computationally expensive operations of the autocorrelation-based algorithms and

of the direct binary search
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be grouped into the initialising phase, which are performed once, and the optimising phase,
which consists of at maximum N, iterations. In this analysis, N, is taken as a multiple a of the
number N of hologram pixels where @ > 10 to ensure good randomisation in the updating

process (see Chapter V):
N, =aN Eq.106

Scaling operations, i.e. multiplications and divisions, are also assumed to be
computationally inexpensive.

For the autocorrelation-based algorithms, in the initialising phase, the target
autocorrelation function Ry, . is calculated from the target image using Eq.96. This step
involves two Fourier Transforms and several scaling operations. Thus the time taken by this
step is of the same order as that of the Fourier Transform—~here the 2-dimensional Fast

Fourier Transform (FFT2) implementation is used, whose complexity is [107]:
tiorward = trrrs = O(Nlog N) Eq.107
Using the Wiener-Khinchin theorem, the convolution to calculate the autocorrelation
Ry from the hologram K is a straightforward combination of 3 Fourier Transforms and 1
multiplication. Its time therefore is:
teonvol = 3tpprs = O(N logN) Eq.108

According to Eq.95 and Eq.104, the computation of the cost function using the current
value R of the autocorrelation function involves direct subtraction of functions, which has

identical computational costs to the addition:

terr_calc_acf = sum2 — O(N) Eq109
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From the analysis of the simulated-annealing iterating-structure (see Appendix A) the
most expensive operation in evaluating the cost function for update acceptance is the several
exponential functions. However, since these functions are calculated with only scalar
variables, they are assumed to take negligible time compared with the multidimensional

operations in the other steps. Thus for the purpose of this analysis:

= 0(1) Eq.110

teval

Therefore, the total time T, taken by the autocorrelation-based algorithms, expressed

in terms of the number of hologram pixels is:

TACF (N) = tforward + Noteval + (NO + 1) (tconvol + terrcalcacf)

= tFFTZ + Noteval + (NO + 1)(3tFFT2 + tsumz)

IR

(3N, +4) O(NlogN) + (N, + 1) O(N) + N,0(1)

IR

O(N?%logN)

For direct binary search, the calculation of the image distribution from Eq.92 involves 1
convolution, 1 Fourier Transformand 1 multiplication, which equates to 4 Fourier Transforms
and 2 multiplications. Again, assuming multiplications being inexpensive, the time taken for
image simulation is:

tair = 4tppr, = O(N log N) Eq.112

Using similar arguments as with the autocorrelation-based algorithm analysis, the cost-

function calculation and evaluation times for direct binary search are:
terr_cale_dir = toaumz = O(N)

Eq.113
= 0(1)

teval
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Consequently, the total time Tz taken by the direct binary search, expressed in terms

of the number of hologram pixels is:
TDIR(N) = (NO + 1) (tdir + terrcalcdir) + NOteval

= (NO + 1) (4tFFT2 + tsumZ) + NOteval

= 4(Ny + Dtppry + (Ng+ Dtoymy + Noteval Bq.114
= 4(N, + 1) O(N logN) + (N, + 1) O(N) + N, 0(1)
=~ 0(N?logN)

Eq.111 and Eq.114 show that this particular implementation of the direct binary search
requires 1 Fourier Transform operation per iteration more than the autocorrelation-based
algorithms, and thus asymptotically takes 33% longer to complete.

Should the algorithms be implemented as naive forward propagations from the source,
then the autocorrelation-based algorithms would have the forward propagation stop at the
holographic plane, whilst the direct binary search would require another step of propagation
to the image plane. As shown in Eg.1 to Eq.67, this would mean it would take twice as many
basic operations for the direct binary search compared with the autocorrelation-based
algorithms, and thus asymptotically twice as long to complete.

Note that both T,c(N) in Eq.111 and Tpr (N) in Eq.114 are of the order N O(FFT)

thus more efficient FFT algorithms will yield better time performance.
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E. Conclusions

This chapter discusses the theoretical propagation of partially-coherent light through a
hologram as a beam-steering technique to reduce overlapping of transmitter images and
improve performance of MIMO-OWC systems. It is found that by using a two-lens
configuration to parallelise and collect partially-coherent light at the source and the image
respectively, a succinct mathematical relationship based on Fourier Transform can be
established between three quantities: the source intensity distribution, the image intensity
distribution, and the autocorrelation of the hologram.

This mathematical relationship has led to the development of two novel algorithms for
computational holographic generation—the ACF and the IMG—Dbased on the autocorrelation
function to obtain a quantised hologram with the desired beam-steering capability, via a
simulated-annealing process. These differ from commonly used hologram-generating
algorithms in that their cost functions are all based on the autocorrelation function of the
hologram, and the performance comparison is done at the hologram plane instead of the
image plane. One of the advantages of these autocorrelation-based algorithms is that they
likely take less time to generate the desired hologram.

To study the actual beam-steering performance of these algorithms, Chapter V will
describe a simulation for the optical system developed in MATLAB. The two proposed
algorithms will be individually run through the simulation to assess their viability as well as
their performance, both in beam-steering capacity and in terms of the time taken. The results

of such assessments are reported in the second part of Chapter V.
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Chapter V. System simulation and

hologram generation

In Chapter IV, the theoretical analysis of holographic propagation with partially-
coherent light has led to the development of two computational algorithms—the ACF and the
IMG—based on the autocorrelation function to obtain a quantised hologram with the desired
beam-steering capability. To study the operation of these algorithms, a simulation for the
optical system working with binary-phase holograms was developed in MATLAB, and is
reported in this chapter. The two proposed algorithms are individually run through the

simulation to assess their viability as well as their performance, both in beam-steering
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capacity and in terms of the time taken. The results of such assessments are reported in the

second part of this chapter.
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A. MATLAB program for hologram generation and

system simulation

1. Overview

To study the holographic performance of the algorithms proposed in Chapter 1V, a

program was developed in MATLAB. It serves as an implementation of the algorithms

Source Collunatnng Halographe Collecung Image
plame lens dusplay lens plane
N, v} S i wi 5 i, vt

f
\
f d d, f

Figure 33. Schematic of the two-lens holographic system

proposed in Chapter 1V, as well as to simulate a physical two-lens holographic system (cf.
Chapter 1V) through which partially-coherent light propagates and is modulated by the
hologram.

Figure 33 depicts this two-lens holographic system. Partially-coherent light from the
source propagates through the first lens, which parallelises the light beam onto the front side
of the holographic display. The electric field of the light is modulated with the hologram
placed on the display, and the modulated beam emerges at the back-plane of the display. This
hologram-modulated beam then propagates to the collecting lens, and an image is created by
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the lens onto the imaging screen. With a binary hologram, the image should ideally consist
only of two target spots of the source placed symmetrically to either side of the unsteered
source [56, 69].

Direct-binary-search algorithms work by iteratively improving the resemblance between
the replay resultant from a hologram, and the desired image. Since digital displays only work
with quantised holograms—the holograms are binary-phase in this simulation—whilst the
ideal hologram may be continuous, there potentially are differences between the replay and
the desired image. The performance of each hologram in steering the beam is judged by how
closely this replay resembles the desired image for which the hologram is generated. The
resemblance is assessed both by the positions of the target spots, and by the relative
distribution of optical power within the replay. This straightforward criterion is the cost
function implemented and optimised in direct binary search.

In the proposed autocorrelation-based algorithms, all comparisons are done at the
hologram plane, where the ACF algorithm works to improve the resemblance towards an
ideal hologram, and the IMG algorithm to improve the resemblance to the desired image
back-propagated to the hologram plane. In other words, the desired image at the screen is
projected by the collecting lens to the hologram plane, and this backward-propagated
reference distribution is compared with the forward-propagated distribution from the source
to the display back-plane.

Given that the only updateable element in the system is the hologram, the forward
propagation from the source to the front-plane of the display can be calculated a priori.
Consequently, the algorithms boil down to computationally looping between the front-plane

distribution and the back-plane one, updating the hologram (or not) before each iteration and
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comparing the distributions at the back-plane. This updating decision has been described in

detail in Chapter IV.
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2.

Implementation

The MATLAB implementation of the algorithm includes the following operations:

1. The initial hologram K;;, is chosen as a random 2-dimensional binary array since
the simulated holographic display is binary-phase where one phase is 0
(corresponding to pixel value 1) whilst the other is m (pixel value -1).

2. The hologram proposal operates in a one-pixel-per-iteration basis and the pixel is
chosen randomly for each iteration from the set of pixels not yet proposed.

3. The evaluation metric A is a signed difference between &,.,,05.q4 and the error

Ecurrent eSUlting from the current hologram K,

current *

By using the relative
improvement as the metric, the comparison has a quantitative result which can be
used as input for acceptance evaluation. The relative improvement also helps reduce
the memory load of the program as changes in variables are usually much smaller
than the magnitude of the variables themselves.

4. The acceptance probability f(A,n) is calculated using a specific form of the
simulated-annealing algorithm [1]. This optimisation algorithm affords the search a
certain degree of flexibility in escaping local minima, especially at the beginning of
the process.

5. The probabilistic decision is implemented such that its probabilistic element is all
embodied in a random variable, and deterministic decisions are then applied on this
variable. An implementation is to use a uniformly-distributed random variable X: by
definition, X € [0, Py cepc| With probability P whilst X € (P 1] with

accept accept’

probability (1 —Paccept). Comparing X and P,..., therefore has the same
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probability profile as required for the updating decision, and thus the updating
decision can be translated into the said comparison.
These implementations are straightforward. Therefore, to help develop a program that
can assess the performance of the different autocorrelation-based criteria and that will work

for all cases, these implementations are used in the program’s development.
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B. Hologram performance metrics

To judge the performance of each algorithm, the beam-steering capability of the
optimised hologram obtained from the algorithm must be assessed on two aspects: how close
the steered image is to the target position, and how closely the intensity distribution of the
steered image resembles that of the source.

Since the hologram is binary-phase, the replay contains duplicate copies of the target
spots of interest symmetric about the unsteered source [69]. As discussed in [56], these
symmetric target spots can both be exploited in communication routing, therefore both are
used for performance assessment.

To extract these target spots, the image intensity distribution is run through a post-
processing module, also built in MATLAB. This post-processing module performs the
following operations in order:

1. First-order positions: The cross-correlation of the unsteered-source-suppressed

image intensity distribution with the source intensity distribution is calculated.
Since the target spots of a binary-quantised cosine [69] contain the highest
power concentration, they should correspond to the highest peaks in the cross-
correlation. Therefore, a simple peak search on the cross-correlation returns the
pixel-positions of the centroids of the two target spots, which are given as ratios
relative to the array dimensions (to account for the different pixelation.)

2. First-order power: In order to calculate the optical power contained within the

target spots, they must first be extracted from the image intensity distribution
which is achieved with a multiplicative mask created from shifting the unsteered

source mask to the positions of the target spots. The optical power contained
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within the two target spots is calculated by integrating the intensity distribution
within the extracted images.

3. Optical SNR: The success of the hologram in concentrating the power into the
target spots can be measured in two ways:
- The ratio of the average intensity in the target spots to the average intensity of
the rest of the field. This quantity, named Overall-SNR, is the classic optical
signal-to-noise ratio (SNR) and can be straightforward to calculate from the

intensity distribution 1(A4) and the area A as:

I(A).dA/fs dA

J
SNRoveran = s pots Eq.115

1(A).dA/ [

fnon—spots on—spots d

- The ratio of the total power in the target spots to the total power contained in
the second-most prominent features (i.e. the 2"%orders). The calculation of this
quantity, named Peaks-SNR, follows the same peak-extraction approach for the

2"%orders and is defined as:

o [ 104). d
= Eq.116
Peals 1(A).dA a

J‘noise peaks

Peaks-SNR is of significance where the optical power is well concentrated into a
few orders rather than spread across the image field, and is also important as a
measurement of the potential cross-talk this source generates to other channels.

Thus the performance of each output hologram is measured by 6 metrics:

- Four posttions: two for each target-spot in the horizontal and vertical dimensions;

- Two optical SNRs: one measured relative to the whole field (the Overall-SNR), the

other relative to the next-most prominent peaks (the Peaks-SNR).
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C. Initial simulation results

As a preliminary evaluation of the hologram-generating behaviour of the proposed
algorithms, and to understand the operation of the MATLAB program in simulating the
physical optical propagation, several holograms have been generated for each algorithm and
their performance, measured with the metrics defined in Chapter V.B, is shown in this section.
A full analysis, using a bigger set of holograms, of the beam-steering capability of the
algorithms both in a simulated environment and in an experimental system will be presented

in Chapter VI.

1. Simulation parameters

For each algorithm, square holograms of different sizes are generated using the program

described in Chapter V.A. Table 3 shows the parameters used in this simulation.

(ACF) 64, 128, 256, 512
Size of square arrays (pixel)

System pixilation (IMG) 64, 128, 256
Desired image shift (pixel) 50 (horizontal) by 50 (vertical)
Error tolerance 0
Generation loop
Number of iterations 10 * (number of pixels)
(cf. Chapter IV.C.2)
Cooling parameters (see Eq.126)
. T 1
Intensity multiplier wog 1
Propagation constants ;
Source-plane scaling = 1
(cf. Eq.92) k
Image-plane scalingf—; 1

Table 3. Parameters used in MATLAB simulation of the holographic system
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In Table 3, since it is the relative distribution of intensity that is of interest, the intensity
multiplier 1/k®f,? is set at 1 for ease of computation. Also, as the Fourier Transforms in
MATLAB are in different discrete domains where the spatial units are the cells of relevant
arrays, these cells may represent differently-scaled physical units (cf. Appendix B).
Consequently, the scaling factors f,/k and f, /k for the continuous domains in Eq.92 are
unimportant, and thus set to 1.

In Figure 34, a representative source intensity distribution used in the simulation is

20 &0 [=1] D 100 120

Figure 34. 128-by-128 input in MATLAB simulation: Red — LED, Blue — background

shown for a 128-by-128 discrete system. The emitting region of the source is denoted with the
red pixels, whilst the blue area corresponds to zero-emission. The source coherence, directly
related to its physical size, is described by the size of the emitting region relative to the

hologram size.
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2. ACF algorithm

Figure 35 shows the desired image intensity distribution used in the hologram
generation. Figure 36 shows the replay simulated at the image plane for a hologram optimised
by the ACF algorithm in order to steer the source depicted in Figure 34 by the distance given

in Table 3.

It can be seen that the steered spots in Figure 36 are in good agreement with the desired

. 40 B a0 100 120

Figure 35. Desired image intensity: Red — image spots, blue — background

20 40 80 80 100 120

Figure 36. Simulated replay with an ACF hologram: Red —image spots, blue — background

Page 111



Phage of the binary hologram

=y

it

I_l:: T
T

Figure 37. The corresponding hologram of the ACF simulated replay

target spot (red pixels) in Figure 35, up to a duplication resulting from the binary nature of the
hologram (cf. Chapter V.B).

An interesting feature observed in Figure 36 is that the target spots are in point
symmetry about the image centre, which is different from the geometric translation embodied
in Eq.93. Whilst the translation relationship between the two target spots is intrinsic to any
good beam-steering hologram as a result of Eq.93, it can be shown that point symmetry is not,
i.e. another source distribution, when propagating through the same hologram, would not
result in the same point symmetry. Therefore, the underlying hologram of this replay must
have performed beam-shaping to a certain extent, and thus is not a pure beam-steerer as
required.

Figure 37 shows the underlying hologram of the replay in Figure 36. This hologram
contains a large amount of noise, with just a barely visible grating- like pattern to deflect the
spots to the desired position. This noise can be explained by the fact that the algorithm has not
terminated well, and there is still significant noise from the initial, randomised state present in

the final hologram.
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This remnant noise explains two features in Figure 36. The first is that a significant
portion of the optical power is dispersed across the whole replay field, resulting in the
randomly-noisy distribution for the whole replay. The second is that the noise dithers the
grating- like pattern so much that the hologram is not a pure beam-steerer but also has some
beam-shaping capacity, as already observed in the point symmetry in Figure 36.

The poor termination of the algorithm, which underlies the hologram noise, can be
explained as follows: the ACF cost function essentially compares power spectra, thus the
search can obtain holograms with broadly correct power-spectral envelopes—which,
according to Eq.92, determine the spot positions—but has difficulty selecting the right phases
for further optimisation. Consequently, the search struggles to terminate definitively, and the
algorithm just randomly flips the pixels until the very end, resulting in the hologram noise.

Figure 38 shows how the error € improves with the iterations. The big drop in the error
indicates that the optical power is quickly concentrated into the correct spots. Then the
increasingly gradual error-improvement means that the algorithm enters the inefficient phase

to reproduce the spots. This asymptotic behaviour indicates that it may be difficult for the

N...-ﬂ.l"'"-.
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Figure 38. A search-error progress in the simulation of the ACF algorithm showing the
values of the error against the iterations
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(@) (b)
Figure 39. Normalised positions of the two target-spot steered images for ACF-generated

square holograms in (a) Horizontal direction; (b) Vertical direction

ACF to settle in the correct ‘search path’, and thus can ofien terminate with a wrong
holographic pattern.

This behaviour of the ACF algorithm is observed for all array sizes in simulation.
Figure 39 shows the positions of the centroids of the two target spots—denoted Image 1 and
Image 2—qiven relative to the dimensions, against the hologram size. The perfect matching
of the lines for Image 1 and Image 2 shows that the centroids of the target spots are in perfect
symmetry about the image centre, as expected from the theory.

With the smaller holograms, the target spots track the desired position well. However,
the lack of fine detail within the target spots means the simulated target-spot centroids are
slightly displaced compared with the desired positions. This deviation is more pronounced in
the horizontal direction than in the vertical, since the shape of the source (see Figure 34)
means that its centroid is more stable vertically than horizontally when the shape is perturbed.

At the hologram size of 512-by-512 pixels, the differences between simulated target-

spot centroids and the target positions become much bigger. This is because in a larger search
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Figure 40. SNR of the two target spots for ACF-generated square holograms: (a) Overall,

(b) Against the most significant noise feature

space, the ACF algorithm can be trapped into a hologram which is far away from a good
solution. Again, the vertical deviation is smaller than the horizontal one, due to the shape of
the source. This particular case is investigated in more detail later in this section.

Figure 40 shows the two optical SNRs, as defined in Chapter V.B, for the different
holograms generated with the ACF algorithm. For the smaller hologram sizes, both the
Overall-SNRs and the Peaks-SNRs are small, especially the latter, due to the noisy fields
which reduce both the optical power available in the target spots, as well as the relative
prominence of the target spots. The increases of these SNRs with respect to the hologram size
point to the efficiency of the algorithm to work with smaller sources, i.e. of higher degrees of
coherence (and thus more plane-like wavefronts from the source arrive at the hologram.)

Figure 41 shows the replay for the case where the hologram is 512-by-512 pixels. It can
be seen that the optical power is well concentrated into a few spots, leading to very high

values of the Overall-SNR and Peaks-SNR in Figure 40. Figure 42 shows the underlying
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Figure 41. Simulated replay for ACF 512x512 hologram: Red — image spots, blue —

background

Phase of the binary b
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Figure 42. The corresponding ACF 512x512 hologram

hologram which has an almost perfect grating-like pattern, resulting in the expected
translation geometry of the steered target spots in Figure 41.

For a 512-by-512 system, the source is almost like a point-source, thus the target
autocorrelation and the ideal hologram are almost sinusoidal, and the quantised hologram a

grating with regular spacing. The ACF algorithm’s inefficiency causes it to settle with a
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wrong holographic sinusoidal harmonic, in both horizontal and vertical directions, resulting in
wrong positions of the target spots, as seen in both Figure 39 and Figure 41.

In this preliminary assessment, the ACF algorithm is shown to be most efficient at
shaping the envelopes of the autocorrelation, but very inefficient at producing the finer details.
As a result, it generates noisy correctly-steered images for bigger sources, whilst giving

almost noiseless but wrongly-steered images for the smaller sources.
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3. IMG algorithm

Figure 43 shows the desired image intensity distribution used in the hologram
generation. Figure 44 shows the replay simulated at the image plane for a hologram optimised
by the IMG algorithm in order to steer the source depicted in Figure 34 by the distance given
in Table 3.

It can be seen that the replay and the desired image are in very good agreement—up to

the quantisation-caused duplication—where the optical power is concentrated in well-detailed

.1} 40 ED a0 100 120

Figure 43. Desired image intensity: Red — image spots, blue — background

F.l 40 1] =1 100 10

Figure 44. Simulated replay for an IMG hologram: Red — image spots, blue — background
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Figure 46. Search-error progress in the simulation of the IMG algorithm showing the

values of the error against the iterations

target spots at the right positions, and a flat, nearly-zero background. The small noise peaks in

Figure 44 result from the lower-orders of the hologram.

Figure 45 shows the hologram of this replay. This hologram has a grating- like pattern,

with highly periodic, but irregular, spacing which distinguishes this hologram from those for

beam-steering with coherent illumination (see [69], for example). The lowest frequency in

this pattern steers the spot to the positions of the hologram’s 1% orders.

Figure 46 shows the error history. It can be seen that after a large drop in the first part,

the search very quickly settles into an optimised solution, as indicated by the flatness of the
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second part, meaning no improvement can be made. This error history can be explained by
the fact that with the IMG criterion comparing the image intensity distributions directly, the
search seeks to improve both power concentration and image detail at the same time—~both of
which have equal weights. Thus when the fall occurs, improvements in both power
concentration and image detail are almost exhausted, leaving little room for optimisation.
Figure 47 shows the relative positions of the centroids of the two target spots—denoted
Image 1 and Image 2—against the hologram size. There is excellent agreement between the

positions of these target spots and the desired positions across the simulation range.

(@) (b)
Figure 47. Normalised positions of the two target spots for IMG-generated square

holograms in (a) Horizontal direction; (b) Vertical direction

(@) (b)
Figure 48. SNR of the two target spots for IMG-generated square holograms: (a) Overall;

(b) Against the most significant noise feature
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Figure 48 shows the graphs of the optical SNRs against the hologram size. The Overall-
SNR in Figure 48a is high and increases with respect to the hologram size. The Peaks-SNR in
Figure 48b shows a small improvement of the order of0.1dB. The essentially flat graph of the
Peaks-SNR graph implies that the relative prominence of the peaks is almost unchanged even
when the optimisation takes place over more iterations.

These initial results thus show that the IMG algorithm offers good and robust beam-
steering capability, in both power concentration and target-spot positioning over a range of

source sizes, with one aspect—the unwanted background noise—improving markedly with

smaller sources.
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4, MIXED algorithm — Mixture of the ACF and IMG criteria

The ACF and the IMG search-criteria for hologram search as preliminarily assessed in
Chapter V.C.2 and Chapter V.C.3, respectively, have different performance characteristics,
which can be summarised in Table 4. The ACF algorithm always generates beam-steering
holograms with mixed performance, whilst the IMG-generated holograms offer good beam-
steering performance for all cases.

Howewver, as the IMG criterion essentially is the difference between the image

intensities, it may mean that the IMG search can comparatively be less time-efficient as

Algorithm Target-spot positioning Target-spot power-concentration
Good (larger sources) Bad (larger sources)
ACF
Bad (smaller sources) Good (smaller sources)
IMG Good Good

Table 4. Summary of performance of the ACF and IMG algorithms

wrong search paths may not be avoided quickly, and thus in extreme cases it may be more
prone to being trapped in local minima.

To take advantage of the strengths of both algorithms and avoiding their potential
weaknesses, the two search algorithms are combined such that: for the first part of the search,
the ACF criterion helps narrow down the set of possible holograms, and in the second part,
the IMG criterion helps select the best holograms out of that narrowed set. The new search

criterion is as follows:
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€MIXED R =>0- k)elM(; (R) + kyeucr (R) Eq.117

Where: k is the mixing factor; y is a constant to normalise the ACF and the IMG
criteria to the same value-scale.

The normalising constant y can be determined by taking the ratio of the initial value of
eymc to the initial value of e, .

The mixing factor k in Eq.117 evolves such that it is close to 1 when the search starts,
and gradually tends towards O for a relatively significant portion of the search, in order that
the set over which the IMG algorithm is applied is not too narrow. A simple formulation for

this mixing factor can be the inverse exponential function as follows:

k = exp(—an/N) Eq.118

Where: N is the total number of iterations to perform in the operation; n is the index of
the current iteration; « is a constant to control the pace of replacement of ACF by IMG.

The criterion in Eq.117 is the basis for the third autocorrelation-based algorithm—the
MIXED algorithm.

Figure 49 shows the desired image intensity distribution used in the hologram
generation. Figure 50 shows the replay simulated at the image plane for a hologram optimised
by the MIXED algorithm in order to steer the source depicted in Figure 34 by the distance
given in Table 3.

It can be seen that the replay is of excellent agreement with the desired image. The
replay in Figure 50 is very similar to that of the IMG in Figure 44, i.e. the well-detailed target
spots in translation geometry and no field noises, whilst being much better than those by the
ACF. The two differences between these two replays are that Figure 50 has slightly less crisp

target spots and much less pronounced noise peaks than Figure 44.
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Figure 49. Desired image intensity: Red — image spots, blue — background

. 40 B0 & 100 120

Figure 50. Simulated replay for an IMG hologram: Red — image spots, blue — background

Figure 51 shows the hologram generated by the MIXED algorithm. It can be seen that
the hologram displays a dithered grating-like pattern. Two features can be observed from the
dithering of this hologram. The first type is along the edges of the grating-like strips which
helps suppress the cross-correlation terms in the coherence function of the illumination.

The second type is more irregular, especially near the borders of the hologram. These

irregular spots destroy the higher frequencies in the hologram, thus suppressing the noise

Page 124



Phase of the binary hologram
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Figure 51. A resultant hologram from the simulation of the MIXED algorithm
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Figure 52. A search-error progress in the simulation of the MIXED algorithm showing the

values of the error against the iterations

peaks caused by the quantisation high-orders, and concentrating the optical power into the
target spots.

Figure 52 shows the error history for this MIXED-algorithm search. As expected from
the definition of this algorithm, the first part of the graph shows resemblance to that of the

ACF algorithm whilst the second part is similar to the IMG error history, with a horizontal
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Figure 53. Normalised positions of the two target spots for MIXED-generated square

holograms in (a) Horizontal direction; (b) Vertical direction
line indicating that the optimised hologram has been found well before the search terminates.

How early this optimised hologram is found is the topic of analysis in the next section.
Figure 53 shows the relative positions of the centroids of the two target spots—Image 1

and Image 2—against a range of hologram sizes. There is an excellent agreement between the
positions of the two target spots and the desired position.

Where the normalised positions are close to 1, the target spots and the desired positions
do not agree. In these cases, the target spots are steered to the very edge of the steerable

region, and there is aliasing with higher diffraction orders which causes the calculation of the

centroids to become imprecise.
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Figure 54. SNR of the two target spots for MIXED-generated square holograms: (a)

Overall; (b) Against the most significant noise feature

Figure 54 shows the Overall-SNR and Peaks-SNR for the MIXED algorithm against the
hologram size. For the cases where the target spots are well within the steerable region,
Figure 54 shows that the SNRs possess the same properties as those of the IMG algorithm:
relatively constant Peaks-SNRs, with high Overall-SNRs which increase as the holograms
become bigger (i.e. the source becomes smaller and more coherent.)

In both Figure 54a and b, the SNRs dip significantly where the hologram size is around
96-by-96 pixels. With the fixed target displacement of (50, 50), these cases correspond to
when the target spots are steered to the edge of the steerable region, and higher-order aliasing
starts to happen, causing imprecision in calculating target-spot centroids and thus target-spot
powers, which directly lower both the Overall- and Peaks-SNRs.

This preliminary assessment thus shows that, in terms of beam-steering, the MIXED
algorithm offers high and nearly identical performance to the IMG algorithm: good target-

spot positioning, and good target-spot power-concentration.
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5. Search time for the different algorithms

To compare the time performance of the different algorithms, two times are measured
for each hologram: the total time the program takes to complete its run, and the time it takes
to reach the optimised solution, denoted as ‘effective’ time in the graphs.

This effective time can be used to determine a priori a point at which the search can be

safely terminated without affecting the final results. It is calculated by: firstly the average
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Figure 55. Hologram search-time against number of pixels for: (a) ACF; (b) IMG
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Figure 56. Hologram search-time against number of pixels for: (a) MIXED; (b) DIR
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time for a single iteration is calculated from the total time and the total number of iterations;
then the number of iterations it takes the algorithm to reach the minimum error is found from
the error history; finally the time taken to reach the minimum error, i.e. the optimised
hologram, is found by multiplying these two numbers.

Figure 55a, b and Figure 56a, b show the generation times against the number of
hologram pixels, for the ACF, IMG and MIXED algorithm and for direct binary search,
respectively. It can be seen in all four graphs that the time taken is very large for larger
holograms. This indicates that hologram generation with these algorithms is time consuming.

From the graphs in Figure 55 and Figure 56, the total-time trendlines show that the four
algorithms all have time complexity of the order O(N? log N) as expected from Chapter IV.D.

Figure 55 and Figure 56 shows the MIXED effective times are up to 33% smaller than
the corresponding times of the ACF and IMG algorithms, and up to 50% smaller than those of
direct binary search. Therefore, the MIXED algorithm has by far the best time performance of
the four algorithms.

Figure 56b shows that the total times of direct binary search are ~25% larger than those
of the autocorrelation-based algorithms, as expected from Chapter 1V.D. Also, the effective
times are almost always the same as the total times, indicating the possibility of incomplete
search when using direct binary search. Direct binary search is thus more time consuming
whilst not as effective in generating holograms as the autocorrelation-based algorithms®®.

In Figure 55a, the total times and the effective times of the ACF are equal in all cases,

indicating that the ACF seach is incomplete as discussed in Chapter V.C.2.

55 The steering accuracy of the direct-dinary-search algorithm is not compared with, since as can be seen in
Chapter V.C.4, the MIXED algorithm can achieve a very high steering-accuracy already, leaving very little room
for improvement, if at all, by the direct-binary-search. Furthermore, the fact that direct-binary-search can be
incomplete as inferred from the generation times also points to the possibility of its steering accuracy being not
as high.
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In Figure 55b, the effective times of the IMG algorithm are smaller than its total times
for smaller holograms. With larger holograms, the similarity between the total and effective
times points to the possibility that the algorithm is trapped in an unwanted search branch and
causes the search to be incomplete.

These time-performance graphs thus show that the autocorrelation-based algorithms are
faster than direct binary search, with the MIXED algorithm outperforming it by up to 50%.

The MIXED algorithm is also the most effective at completing the hologram search.
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D. Conclusions

In this chapter, a MATLAB program generates binary-phase holograms according to the
autocorrelation-based algorithms, ACF and IMG, proposed in Chapter V. Initial simulation
results show that the obtained holograms perform well in steering the first-order images of the
source to the desired positions for various source Sizes.

Howewver, the ACF-generated holograms have poor performance in terms of
concentrating the optical power into the first-orders, due to the ACF criterion’s inability to
decide on phases. The IMG algorithm, thanks to its use of the image distribution, gives
concentration of optical power resembling that of the source.

Since the ACF is faster than the IMG in steering the first-orders’ positions, a third
algorithm, MIXED, was proposed as a mixture of the ACF and IMG algorithms where the
first part resembles the ACF algorithm whilst it shifts to resembling the IMG towards the end
of the optimisation. This new algorithm is shown consistently to perform well in both aspects
of beam steering whilst generally taking much less time compared with both the
autocorrelation-based algorithms and the direct binary-search.

Chapter VI will describe an experiment to confirm the beam-steering performance of

the holograms generated by these algorithms.
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Chapter VI. Experimental results &

Simulated MIMO steering

This chapter describes an experiment where the holograms generated with the three
algorithms are tested using experimental devices. Holograms are displayed by a liquid-crystal
spatial- light simulator (SLM) and this steers partially-coherent light from a quasi-
monochromatic red light-emitting diode (LED) to a digital camera which records the replay
plane. The experimental performance of the holograms is then compared with the desired

targets.
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A. Experimental set-up

1. Layout of the experiment

To exhaustively analyse the performance of the proposed algorithms, an experiment is
carried out so that beam-steering metrics can be compared for each and every hologram in
both simulation and experiment.

Figure 57 shows the schematic of the experiment with its control system. The source in
this system is a light-emitting diode (LED) driven by an external current source whose output
is modulated by a voltage source to allow strobed illumination. Light from the LED passes

through a parallelising lens and a polariser onto a spatial light modulator (SLM.) On this SLM,

Camera caplure signal

-
Woltage Function
Generator
Modulating voltage Hologram dafa
L signa
<{ Cument source
Drrang SLM control PCB
current
/— Collimating Collecting \
lens lens
A ¥ - .1
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L " | |
LED ll l. Camera
J J \

k Polaniser S Analyser _/J

Optical part of the expenment

Figure 57. Schematic of the experiment and its control system
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a pre-generated hologram to steer the light is loaded by the controlling computer, via a
dedicated control PCB. After the SLM, the light passes through an analyser and is focused by
another lens onto a camera, whose frames are captured by the control PC.

Figure 58 shows the experimental set-up. Although for simplicity, the optical path in the
schematic is shown as if the SLM was transmissive, in the experiment a reflective liquid-
crystal SLM is used as the holographic display.

Table 5 shows the dimensions used in the experiment. Light is incident on the SLM at
an angle of 30° to the SLM’s normal.

The experiment as laid out in both Figure 57 and Figure 58 includes an extra pair of
polariser and analyser compared with the two-lens configuration analysed in Chapter IV. This

arrangement helps improve the optical performance of the liquid crystals in the SLM in

Collimating
lens
Aperture

diaphragm

2 ... ."r ..

Figure 58. Photograph of the physical layout of the optical part of the experiment:
transmission arm in the back, collection arm in the front
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Transmission arm Collection arm
Measurement Measurement
Distance Distance
(mm) (mm)
LED—Lens entrance 4 SLM—Analyser 315
Lens tube-length 30 Analyser—Lens entrance 38
Lens exit—Polariser 35 Lens length 100
Polariser dimension 30 Lens exit—Camera 52
Polariser—Iris diaphragm 220
Iris diaphragm—SLM 160
Total 479 Total 505

Table 5. Distances (in mm) along the optical path of the experiment

steering light [53, 56]. In addition, the iris diaphragm in front of the SLM in the transmission

arm (see Figure 58) helps limit the diameter of the parallelised beam, so that the area outside

the SLM’s active cell is not illuminated in order to reduce the unwanted light reflected into

the camera which would be collected into the unsteered spot.
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2.

Equipment

The optical devices used in this experiment, as shown in Figure 58, are:

1. Partially-coherent source: a custom-made resonant-cavity LED (RCLED) system is

used as the source of quasi-monochromatic partially-coherent illumination for the
experiment. The device has the size of ~30um and emits wavelengths of ~650nm
(red) with the half-angle beam-divergence of 30° [108].

2. Parallelising lens: a microscope-objective lens X40/.65 manufactured by Ealing is

used to parallelise the light from the RCLED onto the SLM. With the tube length of
160mm and magnification of 40, its focal length is f; = 160/40 = 4mm.

3. Polariser-Analyser pair: a simple Glan-Thompson prism is used to polarise the

parallelised light beam from the RCLED to the SLM, whilst a plastic polaroid sheet
acting in the visible spectrum works as the associated analyser for the light reflected
from the SLM.

4. Spatial light modulator: a reflective SXGA micro-display based on the ferro-electric

liquid-crystal on silicon (FLCOS) technology manufactured by CRL Opto [109] is
used as the SLM for the experiment. This device, driven by its own PCB, has a
resolution of 1280 pixels by 1024 pixels and is set up so that it acts as the second
monitor of the control PC (see Figure 57.) Consequently the hologram can be
displayed by the control PC simply as a computer image on this second monitor.

5. Collecting lens: to focus the reflected light from the SLM to the camera, a Tamron

MF Zoom lens model 158A is used as the collecting lens, with these specifications:

entrance diameter 52mm, focal length 70-210mm, and maximum f-number 1:4-5.6.
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To this lens, the object is at infinity due to the light parallelisation, so the f-number
is setat 1/32 and the focal length at f, = 70mm" .

6. Camera: an analogue CCD camera is set at the focal plane of the collecting lens to
capture the intensity distribution in the image plane. This camera outputs
monochrome voltage signals (linear to the incident optical power) using the CCIR
standard [110]. The CCD imager of this camera has the dimensions of 0.4-by-0.3
inches, resolution of 768-by-576 pixels, and pixel aspect ratio of 1:1.

7. Frame-grabber: (not shown in Figure 58) video signals from the camera are captured
by the control PC with the card PCI-1407 made by National Instrument. The
analogue signals are normalised with black- and white-level voltages then quantised
into monochrome frames at 8 bits per pixel [111]. Device calibration gives the

following voltage references: Black level: 55mV; White level: 650mV.

The detailed configurations of the SLM and of the LED are in the following subsections.

“** This value puts the 1°-order region (defined in Chapter VI.B.1.b) well within the active area of the camera—
see 0 for detailed calculations.
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a.  Spatial light modulator

Figure 59 shows the front view of the SLM described in Chapter VI.A.2. This FLCOS
SLM consists of an array of pixels (the grey rectangle on the mount in Figure 59) which can
be independently and electrically addressed [109]. Each pixel is a cell of ferroelectric liquid-
crystals (FELC) and has a pair of planar electrodes set along its optical axis which, when
having an appropriate voltage applied on, changes the crystal alignment, hence changing the
crystals’ dipole directions. This change in dipole moments in turn changes the polarisation of
the electric field of the incident light, and therefore modulates the phase of the light for each
pixel, which underlies the propagation analysis in Chapter IV. For a fuller treatment of this
technology, see [53, 57, 60, 68, 112].

As discussed in Chapter V, the size of the SLM pixel dictates the extent of the steerable

region in the image plane, whilst the total dimension of the SLM’s array (i.e. its active area)

Figure 59. Front view of the spatial-light modulator, its drive-board and mount.
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Hologram plane Image plane
Resolution (um) Extent (mm) (% cam. CCD)
Horizontal 13.62 - Horizontal 6.68 65.7
Vertical 13.62 - Vertical 6.68 87.7
Extent (mm) Resolution (um) (% cam. pixel)
Horizontal 17.43 - Horizontal 5.22 70.2
Vertical 13.95 - Vertical 6.52 87.6

Table 6. Extents and resolutions in the hologram and image planes

determines the image resolution. Using the relationship in Eq.92 between the distances in the
hologram and image planes, with f, = 70mm and 4 = 650nm, and the dimensions of the
SLM in [109], the extent the steerable region’'" and the resolution in the image plane can be
calculated in absolute values and as fractions of the camera CCD and pixel, respectively. In
Table 6, it can be seen that the steerable region falls well within the camera capture area,
whilst the finest image detail would be well represented by a camera pixel.

The SLM active area has the dimensions of 1280x1024 pixels, which are much bigger
than the holograms generated (between 64-by-64 pixels and 512-by-512 pixels.) The
holograms are tiled across the SLM in a repetitive manner. As a result, a parallelised beam
bigger than the displayed hologram, when incident on any part of the SLM, will still ‘hit” a
full copy of the hologram and be modulated due to the fact that autocorrelation is invariant
with respect to translation of the underlying function, if periodic. In this case, the hologram-
generation program is implemented so that the autocorrelation is calculated with circular

convolution of the hologram, to simulate the periodicity.

T The extent is twice the maximum deflection.
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The SLM has a built-in DC balancing algorithm to ensure that, when displaying still
frames, the average voltage across each pixel is zero so that no performance degradation
occurs. This algorithm works by alternately displaying the hologram and its inverse at a
frequency of ~60Hz [109]. To make sure that the SLM is illuminated only whenthe hologram
itself is displayed, the light from the LED is strobed at the same frequency as the SLM’s

refreshing rate.

b. Source LED

As mentioned in Chapter VI.A.2, a resonant-cavity red LED custom-made by Imperial
College London is used as the partially-coherent illumination source for the experiment. To
avoid saturating the camera, empirical calibration based on [108] gives an average input
current of ~2mA which sets total optical output at ~20\WV.

Since the LED’s illumination must be strobed to match the DC balancing of the SLM,
the driving current has to have a frequency ~30Hz. To achieve this, a current source ThorLabs
LDC 205C [113] receives the voltage output of the pulse generator HP 8112A [114]—set at
30Hz—as its controlling signal (see Figure 57.) The output of the current source thus has a
square waveform at ~30Hz and alternates between 0 and 4mA, matching the LED’s

illuminating with the SLM’s refreshing rate whilst avoiding camera saturation.
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B. Experimental procedure

1. Calibration data

The initial stage of the experiment is to collect data about imperfections in the imaging
system for correction in the later stages so that the evaluation of the captured image intensity
distributions would yield only the beam-steering performance of the holograms. There are
two sets of such imperfections: the intrinsic defects of the camera, and the deformation of the

images at the camera plane due to the geometry of the experiment.

a Dead-pixel identificationand Black-level noise

The camera used in the experiment has two major defects which would affect the
captured image intensity: dead pixels and black- level noise. To identify these intrinsic camera
defects, the LED source is turned off so that there is no illumination on the camera, then 60
successive frames are captured from the camera into MATLAB.

Dead pixels in the camera's charge-coupled device (CCD) cause the values for these
pixels always to stay fixed at high levels regardless of the physical optical intensity, and thus
would adversely affect all integration calculations (see Chapter VI.B.3.) With the assumption
that any pixels whose values stay fixed across all 60 frames are ‘dead’, comparison of the
captured frames returns a list of these dead pixels with positions and values where they are
‘dead’ at. This list is stored for later corrections, which subtract these dead-pixels from the
captured frames and use interpolation to estimate their correct values in the captured frames.

The black-level noise is the electrical noise of the CCD which causes the camera to
return some readings even when there is no illumination, resulting undervaluation of the

power-concentrating capability of the hologram by increasing the background noise. Using
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the 60 frames corrected for dead pixels, assuming that the noises in the camera pixels are of
independent and identical distributions, the mean noise level is calculated as the average value
across all the pixels of the 60 corrected frames. As this noise is equivalent to optical inte nsity,

to correct the optical power only the mean of the noise is needed.

b. Frame deformation

The misalignment of the camera and the rest of the system (chiefly, the SLM) about the
optical axis means that the frame captured by the camera is a deformed version, by rules of
geometrical transformation, of the image intensity distribution the camera should have
captured. There are three possible types of deformations:

- Shift: The camera is off the optical axis such that the unsteered spot does not fall on

the centre of the camera frame.

- Rotation: The camera is rotated relative to the SLM about the optical axis so that the
coordinate system of the camera frame is also rotated relative to the coordinate
system of the image intensity distribution (see Chapter 1V.B.)

- Skew: The camera is rotated about an axis orthogonal to the optical axis, causing the
frame to capture a projection of the image intensity distribution.

Two 128-by-128 holograms are used to assess the extent of these deformations in the
experiment. The two holograms are such that the target spots in their intensity distributions
when combined are located at the 4 corners of a quadrilateral. As each binary hologram
generates 2 symmetric target spots, each of these calibration holograms will generate 2
opposing corners of the quadrilateral. These holograms themselves are generated with direct
binary search whose holograms have verified beam-steering performance [32, 38, 54, 58, 59,

61, 63, 65]. The steps used in calculating the deformation-correction data are as follows:
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1. Frame capture and composition: The frames corresponding to the two

calibration holograms are captured following the procedure laid out in Chapter
VI.B.2. These frames are then corrected for dead pixels, and combined to a
single frame with 4 first-order images.

2. Calculation of the image positions: Using the cross-correlation method described

in Chapter V.B, the coordinates of the 4 first-orders in the camera’s own
coordinate systemare calculated. The position of the unsteered spot is calculated
from the reference frame captured in step 1.

3. Skew assessment: when the camera and the SLM are perfectly aligned, the 4

first-orders should form 4 corners of a rectangle whose centre is the unsteered
spot, which itself should stay fixed. Measurements show that, skew is non-
existent and no correction is needed for this type of deformation.

4. Rotation angle: The angle between the sides of the rectangle formed by the

target spots and the sides of the compound frame is the angle by which the
camera is rotated relative to the SLM. This angle is calculated by
straightforward geometry.

5. Steerable region: As the size of the SLM pixel is finite, the extent to which the

image can be steered is also finite***. This region is called the steerable region to
denote the maximum extent to which the target spots to can be moved, and it

corresponds to the array representing the image plane.

* This is the direct consequence of the fact that, in a two-lens configuration, the hologram plane is the Fourier
plane of the image plane and the pixel size is the spectral resolution of the imaqe intensity distribution. With a
finite spectral resolution, the distribution is periodic beyond (spectral resolution)™.
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The camera captures frames which are bigger than this steerable region,
therefore trimming must be done on the frames, by calculating the positions of
the 4 corners of this region.
First, the images of the calibration holograms, calculated using EQ.92, are
combined. Then by cross-correlation with the reference frame, the positions of
their target spots relative to the image array-size are found. As these relative
positions are also the ratios of the target-spot positions, relative to the unsteered
spot, in the combined frame to the frame size, the corners of the steerable region
in the frame can be straightforwardly calculated.
The calibration parameters calculated in this stage of the experiment are then applied to
the frames collected in the later stages both to correct for geometrical misalignments and to

trim the frame to only the steerable region which is the area of interest.
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2. Frame collection

The LED is on and strobed as described in Chapter VI.A, and a MATLAB-based
software controller extracts a hologram from the data file and proceeds through the following
steps to collect the necessary data for post-processing before moving on to the next hologram:

1. Reference frame: the SLM first displays a blank hologram (i.e. all pixels are set

to the same value) which in effect turns the reflective SLM into a mirror. The
image intensity distribution at the camera plane is identical to the source
intensity distribution. Several frames are captured by the camera, and the frame
with the largest total optical power (calculated with integration) is selected as
the reference frame for the hologram of interest to account for the interlacing of
§88

the camera signals

2. Hologram displaying: The beam-steering hologram as extracted from the data

file in all experimental cases is much smaller than the SLM itself (cf. Chapter
VI.A). To ensure the displayed image covers the whole SLM area, the hologram
is repeated cyclically [101] which gives the same beam-steering performance as
a hologram whose autocorrelation is calculated with circular convolution—see
Chapter V.A. This repeated hologram is displayed by the SLM until the
operation with the next hologram.

3. Captured multi-frames: As mentioned in Chapter VI.A, the SLM has a built-in

DC balancing which alternately displays the hologram and its inverse, passing
through a short period of all-0 pixels. At the camera plane, this sequence

corresponds to an alternating series of intended steered images, steered images

535 In principle, this reference frame needs to be captured once as the source intensity distribution does not

change. However, the experiment was found to take long time, and thus to account for potential variations with
time in optical output of the LED, a reference frame was captured for each hologram.
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with reduced intensity, and un-steered images. To avoid the potential mis-
synchronisation between the LED strobing and the SLM balancing, instead of
capturing only one frame, a set of 60 consecutive frames is captured, which

should include the frame with the intensity distribution of interest.

4. Frame selection: As the LED strobing is slightly out of sync with the SLM DC-
balancing sequence, the frame that has the correct intensity distribution has to be
singled out:

First, a multiplicative mask created from the reference frame is applied to all 60
captured frames such that the unsteered spot is all masked out.

Subsequently, the optical power within each frame is calculated by integration.
Since the inverse hologram causes a reduction in image intensity whilst the un-
steered images should have the lowest power of all due to the unsteered spot
being masked out, the frame of interest should have the highest power of all the
60. Therefore, a simple search should return the desired frame.

Following the aforementioned 4 steps of frame collection, the data for each hologram
now contains 3 MATLAB arrays: the non-padded hologram itself, the reference frame, and
the frame selected from step 4 that contains the intensity distribution associated with the
hologram. These frames are used in the post-processing stage to evaluate the beam-steering

performance of the hologram.
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3. Performance-metrics calculation

The experimental beam-steering capability of a hologram is assessed by the same
metrics used in simulation evaluation: how close the steered image is to the target position,
and how closely the intensity distribution of the steered image resembles that of the source.
Since the hologram is binary-phase, as discussed in Chapter V, both target spots are again
used in the evaluation. The assessment criteria are therefore the positions of these target spots
within the captured frame, and the amount of optical power they contain in comparison with
the rest of the frame.

To extract these target spots, the captured frame, obtained as described in Chapter
VI1.B.2, corresponding with the hologram of interest is run through a MATLAB-based post-
processing module. This module follows the following steps:

1. Frame calibration: Before any position-based processing can be done, the

captured frame must be calibrated to ensure that any geometrical deformations
are corrected for. Using the calibration data obtained as in Chapter VI.B.1, the
frame is first corrected for dead pixels. It is then rotated to account for relative
rotation around the optical axis between the SLM and the camera”™ . Lastly, the
frame is trimmed to only the steerable region, which also has the effect of setting
the unsteered spot as the frame’s centre (cf. Chapter VI.B.1). The frame is now
ready for processing to extract target spots and calculating the metrics.

2. Zeroth-order suppression The unsteered spot is suppressed from the image

intensity distribution by using a multiplicative mask based on the known source

intensity distribution.

" As noted in Chapter VI.B.1, no skewing was detected in the calibration frames, therefore no transformation
was applied for skew correction.
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3. First-order positions (similar to that in Chapter V.B).

4. First-order power (similar to that in Chapter V.B).

5. Optical SNRs: Overall-SNR and Peaks-SNR are again used as figures-of-merit
to measure the success of the hologram in concentrating target-spot power.
Firstly, the optical powers in the regions of interest are calculated by pure
integration of the intensity. These powers are then corrected for black-level
noises by subtracting the noise mean obtained from calibration (cf. Chapter
VI.B.1). Overall-SNR and Peaks-SNR are then calculated as in Chapter V.B.

Thus the experimental performance of each hologram is also measured by 6 metrics:
- Four positions: two for each target spot for the horizontal and vertical dimensions;

- Two optical SNRs: Overall-SNR and Peaks-SNR.
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C. Experimental results

1. Initial results

This section shows the initial results of the experiment, where the frames captured by
the camera are compared with the corresponding simulated replays for the same holograms
which are analysed in the initial simulation assessment in Chapter V.

Figure 60a and b show the simulated replay and the image captured in experiment,
respectively, with a hologram optimised by the ACF algorithm in order to steer the source
depicted in Figure 34 by the distance given in Table 3.

It can be seen that, except for the spot at the centre of Figure 60b which will be
explained later, the replay and the captured image are in agreement. In both, there are two
areas of relatively higher optical-power concentration at the same positions at the top-left and
bottom-right corners which represent the target spots already seen in Chapter V.C.2. Both also

have very noisy backgrounds—so noisy that the target spots in Figure 60b, already plotted as

20 40 60 80 100 120 S0 100 150 200 250 300 350
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Figure 60. (a) Simulated replay of an ACF hologram; (b) Log-intensity of experimentally

captured image
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Figure 61. (a) Simulated replay of an IMG hologram; (b) Experimentally captured image

log-intensity, are nearly indistinguishable.

Figure 61a and b show the simulated replay and the experimentally captured image,
respectively, with a hologram by the IMG algorithm to steer the source in Figure 34 by the
distance in Table 3. It can be seen that the replay and the experimental image are in excellent
agreement. The only difference is in the shapes of steered target spots, as expected, since
these are the source distributions which differ between the simulation (cf. Figure 34) and the
experiment (where the LED source has a moon-shaped distribution.)

Figure 62a and b show the simulated replay and the experimentally captured image,
respectively, with a hologram by the MIXED algorithm to steer the source in Figure 34 by the
distance in Table 3. It can be seen that there is also excellent agreement between simulation
and experiment, up to the shape difference.

In the experimentally captured images in Figure 60b, Figure 61b, and Figure 62b, the
central spots are highly prominent, whilst totally absent in the simulated image. These spots
represent the specular images formed by the non-steering parts of the holographic display, and

possibly also by the incoherent component of the incident light. They are ignored for the
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Figure 62. (a) Simulated replay of a MIXED hologram; (b) Experimentally captured
image
purpose of comparing holograms’ performance in simulation and experiment, in this and all
subsequent sections.

Comparisons using Figure 60, Figure 61, and Figure 62 for the three autocorrelation-
based algorithms thus show that there is excellent agreement between the simulation,
described in Chapter V, and the experiment. The only differences are the shapes of the spots
and the presence of the specular spots at the centres of the experimental images, both of

which can be ignored in the next analyses.
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2. Experiment 1 - Holograms with variable dimensions

The first experiment tests the ability of the autocorrelation-based algorithms, i.e. ACF,
IMG and MIXED, in coping with two degrees of freedom, i.e. two dimensions independently
vary. For all three algorithms, the generated holograms are of a range of horizontal and
vertical sizes and have the general rectangular shapes, rather than just square as in Chapter V.

For these rectangular holograms, the target positions are fixed at +50 pixels horizontally
and +50 pixels vertically compared with the unsteered spot, same as in Chapter V. With the
smaller sizes which would have put these targets outside the images, a circular shift is
performed and the target is ‘circled’ to the other half of the image (cf. MATLAB’s circshift
function [115].)

Apart from sizes, the holograms are generated with the program and parameters
described in Chapter V. The source-array is set to have a fixed-size emitting area, whilst the
size of the non-emitting area is changed according to the size of the system pixelation, thus
representing sources of different sizes (cf. Chapter V) and accordingly of different degrees of
coherence. In the experiment, the source size is fixed by the physical size of the LED.

For each algorithm, the results are shown for both in simulation and in experiment. This
is to provide exhaustive analyses for both simulated and experimental performance. The
simulation metrics are shown for the full image-arrays, whilst the experimental metrics are
calculated for the steerable regions only.

For both simulation and experimental results, the two target spots are separately
identified as Image 1 and Image 2, whilst the SNRs for both target spots are combined as

discussed in Chapter V.
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a.  ACF algorithm

Figure 63a and b show the horizontal and vertical positions of the target spots relative to
the hologram dimensions, respectively, for the holograms generated with the ACF algorithm.

In both graphs, it can be seen that the surfaces for ‘Sim — Image 1’ and ‘Sim — Image 2’
follow closely the surface ‘Target position’ which describes the desired position. Thus, the
simulated target spots track the desired positions well for all hologram sizes.

In Figure 63a and b, it can be seen that the gaps between the simulation-result surfaces
and the desired-position surface gradually widens as the normalised positions become smaller
than 1. This means that, the absolute positioning errors become larger as the desired positions
move closer to the image centre and that the ACF algorithm is less efficient at steering the
target spots by small distances.

In Figure 63a, the grid-lines of the ‘Sim — Image 1’ and ‘Sim — Image 2’ surfaces are
almost straight and parallel with the “Vertical dimension’ axis. In Figure 63b, the straight
grid- lines are parallel with the ‘Horizontal dimension’ axis. This shows that the horizontal and
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Figure 63. Expt 1 - Normalised (a) Horizontal and (b) Vertical positions of the two target

spots for ACF-generated rectangular holograms

Page 153



vertical steering of the simulated target spots are independent from each other, showing the
algorithm works well with 2 degrees of freedom.

In Figure 63a, when the holograms have the vertical dimension of 96 pixels, the
simulated horizontal positions are slightly closer to the image centre than at other vertical
dimensions. At this hologram size, the desired positions are right at the borders of the
steerable region, causing high-order aliasing and thus distorting the target-spot shapes so that
the positions are not calculated correctly. This effect is not observed in Figure 63b due to the
simulated source shape (cf. Figure 34) which makes the miscalculations much less
pronounced in the vertical direction.

In both Figure 63a and b, for the smaller hologram sizes, the ‘Exp — Image 2’ surfaces
follow quite closely the simulation surfaces, indicating the good agreement between
simulation and experiment; whilst the corresponding parts of the ‘Exp — Image 1’ surfaces
have the value of 0. At the larger hologram sizes (each dimension larger than 96 pixels), the
reverse is observed: ‘Exp — Image 2’ is now at 0, and ‘Exp — Image 1’ is in good agreement
with the simulation.

These observations are explained by the internal misalignment of the collection lens,
which favours light from one half-space (divided by the meridional plane) more than the other,
resulting in reduced optical power concentrated in one half of the image plane. With the large
background noise, as seen in Figure 60, the target spots in this dimmed half-plane are not
detected successfully, and thus it is the remnant of the removed unsteered spot that is detected
instead, resulting in the value of 0.

In the favoured half-plane, the target spots are detected successfully. The swapping of
the dimmed-bright states between the two experimental target spots is explained by the

circular shifting of the desired position when the hologram sizes are small.
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Figure 64. Expt 1 - (a) Overall-SNR and (b) Peaks-SNR of the two target spots for ACF-

generated rectangular holograms

Figure 64a and b show the Overall-SNRs and Peaks-SNRs for the target spots. The
simulation SNRs are low for all cases, since the images have a very dominant background
noise caused by the holograms—see Chapter VI.C.2.a. For the experimental SNRs, as
expected from the non-detectability of the target spots, the Peaks-SNRs are very low, whilst
the acceptably higher Overall-SNRs can be explained as the strong remnants of the removed
unsteered spot that distort the results.

From both the simulation and the experimental results, it can be concluded that the ACF
algorithm has acceptable spot-positioning capability, but is less efficient with small
deflections. It has poor power-concentrating performance in both simulation and experiment,
especially the latter since the noise image generated by the ACF algorithm, when added with
the experimental noises, makes the algorithm impossible to employ in practice. These

conclusions reinforce the points observed from the initial simulation results in Chapter V.
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b. IMG algorithm

Figure 65a and b show the horizontal and vertical positions of the target spots relative to
the hologram dimensions, respectively, for the holograms generated with the IMG algorithm.
In both graphs, it can be seen that there is excellent agreement between the simulation results,
the experimental results, and the desired positions.

As can be seen in Figure 65a and b, the differences between the experimental positions
and the desired / simulation positions stay almost constant across the range of hologram
dimensions. This shows that they are caused by imperfect calibration in determining the
extent of the steerable region in the captured frames (cf. Chapter VI.B.1)

With the relative simulated source-size changes for the different array sizes, the
excellent target-positioning performance of the IMG-generated holograms shows that the
algorithm works well for both smaller and larger sources. Since smaller sources would
provide more spatial coherence in the illumination, whilst the larger sources emit less

coherent light, the results imply that the IMG algorithm is effective with sources of various
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Figure 65. Expt 1 - Normalised (a) Horizontal and (b) Vertical positions of the two target

spots for IMG-generated rectangular holograms
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Figure 66. Expt 1 - (a) Overall-SNR and (b) Peaks-SNR of the two target spots for IMG-

generated rectangular holograms

degrees of coherence.

Since the source size (i.e. LED size) in the experiment is constant whilst the size of the
source used in generating the holograms changes, the good experimental performance of the
holograms thus shows that once generated, the holograms can be used to steer different
sources with various intensity distributions.

Figure 66a and b show the Overall-SNRs and Peaks-SNRs for the target spots steered
by the IMG-generated holograms.

The simulation Overall-SNRs in Figure 66a display the characteristic increase with
respect to the hologram sizes which is caused by relative ease of the holograms in gathering
optical power for smaller sources. The dip at the vertical dimension of 96 pixels is explained
by the distortion in target-spot shapes caused by high-order aliasing at the border of the
steerable region. Thus when the mask is applied for SNR calculation, large parts of these

distorted target spots are masked out, thus lowering the SNR. This dip does not appear when
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the horizontal dimension is 96 pixels. This can be explained by the shape of the simulation
source, which penalises vertical distortions more.

The experimental Overall-SNRs in Figure 66a have values of about 20dB. The captured
frames have 8-bit resolutions and thus a maximum SNR of 24dB, this 20dB thus means an
average field noise of 2 (arbitrary) units against an average target-spot intensity of the
maximum 256. Therefore, this is very high performance of the IMG-generated holograms in
gathering the optical power into the target spots.

The experimental Overall-SNR remains relatively flat across the hologram sizes and
does not exhibit the increase with the hologram size as the simulation one does. The reason
may be that the CCD noise of the camera is greater than the hologram noise, so improvements
cannot be seen.

Figure 66b shows the Peaks-SNRs for the target spots against the 2"%-orders. It can be
seen that the simulation and the experimental values are almost in excellent agreement, with
the experimental Peaks-SNRs about 2dB lower in most cases due to the CCD noise. The
uncharacteristic dip at the 80-by-80 hologram is due to the fact that this particular hologram
gathers all the hologram noise into two noise peaks, and thus lowers the Peaks-SNR.

The results for simulation and experiment in this section show the IMG algorithm
performs beam-steering well across a range of hologram dimensions and for different source

sizes, i.e. different degrees of coherence in the illumination.
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Figure 67. Expt 1 - Normalised (a) Horizontal and (b) Vertical positions of the two target

spots for MIXED-generated rectangular holograms

c. MIXED algorithm

Figure 67a and b show the horizontal and vertical positions of the target spots relative to
the hologram dimensions, respectively, for the holograms generated with the MIXED
algorithm as described in Chapter V. Figure 68a and b show the Overall-SNRs and Peaks-
SNRs for the target spots steered by these MIXED-generated holograms

It can be seen that Figure 67 and Figure 68 are almost identical to Figure 65 and Figure
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Figure 68. Expt 1 - (a) Overall-SNR and (b) Peaks-SNR of the two target spots for

MIXED-generated rectangular holograms
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66 for the IMG algorithm, respectively. This agreement shows that the MIXED algorithm
gives similarly high performance in beam-steering as the IMG does. This is because the IMG
element in the MIXED criterion dominates the second part of the search, where the fine
details of the intensity distribution are optimised.

Thus the MIXED algorithm can also be concluded as being highly effective in
generating beam-steering holograms across a range of hologram dimensions and for different

degrees of coherence of the source.
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3. Experiment 2 — Variable target positions

A second experiment is conducted to investigate the ability of the holograms to steer the
target spots to different positions in the image plane. The holograms are generated with the
MIXED algorithm only, as this algorithm is shown to offer the best beam-steering
performance and fastest generation time. The holograms are of the same dimensions, fixed at
128-by-128 pixels. The target positions are changed incrementally by 10 pixels from
hologram to hologram, in either the horizontal or vertical direction.

Figure 69a and b show the horizontal and vertical positions of the target spots relative to
the hologram dimensions, respectively. It can be seen that there is excellent agreement
between the simulation results, the experimental results and the desired positions.

Figure 70a and b show the Overall-SNRs and Peaks-SNRs for the target spots. In Figure
70a, the relative flatness of both the simulation SNRs and the experimental SNRs indicates

that the power performance of the MIXED-generated holograms is consistent and robust
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Figure 69. Expt 2 - Normalised (a) Horizontal and (b) Vertical positions of the two target

spots for MIXED-generated square holograms
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Figure 70. Expt 2 - (a) Overall-SNR and (b) Peaks-SNR of the two target spots for

MIXED-generated square holograms

across the whole range of target positions. The experimental SNRs are ~20dB which as
discussed are very good values with the 8-bit quantisation.

The two significant dips in the experimental SNRs occur at two locations: when the
target position is the unsteered spot (zero-order) which is subsequently masked out (cf.
Chapter V1.B.3) hence the low SNR; and at the position where the noise peaks cluster densely
near the target spots, causing wrong calculation of target-spot power.

In Figure 70b, the flat 10-dB simulation Peaks-SNRs surface indicates that the relative
power distribution within the image is stable for all target-spot positions across the image-
plane. This is also reflected in the experimental Peaks-SNR results, except for near the
borders of the steerable region where the Peaks-SNR drops by 3-5 dB, likely due to this being
the steering limit by the SLM thus having lower efficiency.

The results in this section thus show that the MIXED algorithm is able to steer the target

spots to any position within the image-plane with good and consistent power performance.
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D. Simulated MIMO steering demonstration

In the previous sections, both simulation and experimental results have shown that in
the single-source system, the autocorrelation-based algorithms can steer image spots with
excellent positioning and power-concentrating performance. To demonstrate the use of beam-
steering to alter the channel matrix H in MIMO-OWC, a MATLAB simulation of beam-
steering is conducted for an imaging MIMO configuration.

In addition, to assess the channel-design with holograms when there is a scatterer

present in the optical path, the simulation is set up with a phase screen representing a

scattering phase distribution.

1. Simulation set-up

a. Overview

Figure 71 shows a schematic of the MIMO beam-steering simulation. Light from the 2
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Figure 71. Schematic of beam-steering for a 2-Tx 2-Rx imaging MIMO system
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identical Tx on the source plane is parallelised by a lens, and propagated to a phase screen,
then to a hologram placed immediately behind the screen. The holographically-modulated
light is then collected by another lens and focused onto two photo-detectors (PDs) acting as
Rx on the image plane. The individual optical link between each pair of Tx-Rx sets an
element in the channel matrix H of the system.

Each beam-steering hologram displaces both Tx images by the same amount in the
image plane, and generates a corresponding 2-by-2 channel matrix H. Each of these channel
matrices is then input to the MIMO-OWC simulator in Chapter Il (in place of the ZEMAX-
simulated matrix) which then runs and outputs the system BER as the performance of the

corresponding channel as designed by the corresponding hologram.

b. Simulation procedure

To steer the Tx images to different positions in the image plane using holograms, the
following procedure is executed:

1. For each position, a target displacement of how much the Tx images should be
steered by is input to the hologram generator.

2. A beam-steering hologram is generated by the MIXED algorithm (shown to offer
the best hologram-design performance).

3. Replays of this hologram are simulated with each Tx enabled in turn. From each
replay, the PD outputs are calculated and used as a column in H. These columns are
then combined to give the channel matrix corresponding to the hologram.

4. The resulting H is input into the MIMO-OWC simulator in Chapter 11l and this

simulator is run to get the system BER.
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c.  Simulationparameters

For the target positions, the whole replay field is divided into a 128-by-128 array each
pixel of which then becomes a target position. The hologram size is fixed correspondingly at

128-by-128 pixels. Table 7 shows the parameters used in this simulation.

. Horizontal -64 to +64
Target positions
System pixilation (poe) Vertical -64 to +64
Hologram size (pixel) 128 by 128
Error tolerance 0
Generation loop
Number of iterations 10 * (number of pixels)
(cf. Chapter IV.C.2)
Cooling parameters (see Eq.126)
Intensity multiplier }.{:fz 1
2
Propagation constants ;
Source-plane scaling = 1
(cf. Eq.92) k
Image-plane scalingf—; 1
Stream for each Tx is 50
Symbol length repetitions of 1000 pseudo-
Data stream random symbols
Modulation scheme Full-depth NRZ-OOK
Sampling 20 samples per symbol
Analogue-to- Amplitude 0.0001
Rx processing Digital
simulation Resolution 16 bits per sample
AWGN power 10™%% (mod.amp)?

Table 7. Parameters used in the MIMO beam-steering simulation
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2. Simulation results

Following the procedure in the previous section, three simulations are carried out:

In the first, the MIMO channel design without a scatterer is simulated by setting the
screen to all 0-phase.

In the second, it is assumed that the phase distribution of the scatterer is unknown. This
is simulated by using different phase screens for Step 2 and Step 3 in Chapter VI.D.1.b. In
Step 2, the holograms are generated with a 0-phase screen, and with a screen whose random
phases are uniformly distributed between —m and 7. Step 3 uses a screen with random phases
following a Gaussian distribution with mean 0 and standard deviation /2.

In the third, the situation where the phases of the scatterer can be known correctly is
simulated by using the same phase screen in the hologram generation (Step 2) and in the
channel-matrix calculation (Step 3). The random phases of the screen are uniformly
distributed between —m and 7.

Figure 72 shows the image-plane intensity distribution for the case of no steering, with
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Figure 72. Simulated unsteered replay marked with the photo-detectors: Red—Tx image,

Blue—Background
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the areas covered by the 2 PDs marked in black. It can be seen that the two independent Tx
both fall on PD2, whilst PD1 receives no optical power. Thus MIMO-OWC does not work for

this reference case.

a. No scatterer

Figure 73a and b shows the variations of the condition number cond(H) of the channel

matrix and of the system BER, respectively, with respect to the target displacements when no
scatterer is present. It can be seen that there is virtually no change when the Tx images are
displaced vertically, as expected from the orientation of the PDs in Figure 72.

In the horizontal direction, the system performance is worst when no steering occurs, as
expected. As the Tx images are displaced horizontally, the performance goes through
alternate phases of improvements and deterioration.

With the Tx images displaced such that the two Tx fall on 2 PDs, the overlap is reduced,
resulting in improved system BER. When the Tx images are displaced by too large a

horizontal distance, they start to overlap onto the same PD again (moving to the negative
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Figure 73. (a) cond(H) and (b) simulated system BER versus displacement steps by beam-

steering without phase screens in hologram-generation or propagation
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direction) or out of the PD array altogether (moving to the positive direction.) The increased
overlap results in increases in the system BER increases.

It is interesting to note that: beyond certain horizontal displacements, the performance
again improves. This is explained by the fact that the noise peaks caused by the hologram in
the replay (cf. Figure 62) act as the secondary spots for the Tx images, thus reducing the
overlap level and improving the performance.

The clear BER improvements achieved with beam-steering thus shows that holograms
can be used to design the channel matrix in order to reduce Tx-image overlaps and improve
MIMO system performance. The simulation results also show that the noise peaks caused by

the holograms are desirable as they can act as secondary images to help reduce overlaps.

b. Unknown phases of the scatterer

Figure 74a and b shows the condition number cond(H) of the channel matrix and the
system BER, respectively, with respect to the target displacements when holograms generated
without scatterers are used with a Gaussian-phase screen in Step 3. It can be seen that the

performance trend similar to that in Figure 73 can still be observed.

Figure 74. (a) cond(H) and (b) simulated system BER versus displacement steps by beam-
steering through a random phase-screen by holograms designed with no phase screen
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Figure 75. (a) cond(H) and (b) simulated system BER versus displacement steps by beam-

steering through a random phase-screen by holograms designed for a different screen

However, the broad crests and narrow troughs of the system BER in Figure 74b show
that the overlap is high over larger ranges of horizontal displacements, and the overlap is low
for smaller ranges. This is explained by the mismatch between the expected phases used in
Step 2 (i.e. no scatterer) and the phase distribution of the scatterer in the propagation steps.

Figure 75 shows the same variations, when Step 2 uses a phase screen with random
uniformly-distributed phases and Step 3 uses a Gaussian-phase scatterer. It can be seen that
the system BER is high, with no improvement across the displacement range. This poor
performance is explained by the fact that the holograms are so optimised for one scatterer that
another scatterer will cause the replays to become highly noisy, causing similar overlaps in
both PDs, highly ill-conditioned H and poor system-BER.

It thus shows that with unknown phase distributions of the scatterer, beam-steering with
holograms generated without a scatterer can still offer a reasonable performance in channel

design.
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c.  Known phases of the scatterer

Figure 76a and b show cond(H) and the system BER, respectively, with respect to the
target displacements when the known phase distribution of the scatterer is used in hologram
generation. The clear BER improvement similar to that achieved in the case of no scatterer
thus shows that hologram beam-steering can correct for known scattering phases’ .

The low performance beyond the crest in the positive direction in both graphs in Figure
76 can be explained by the fact that the scattering phases disrupt the secondary images caused
by noise peaks. With the primary Tx images already out of the PD array, this lack of

secondary images means no link is established, resulting in the high BER.

@ o

Figure 76. (a) cond(H) and (b) simulated system BER versus displacement steps by beam-

steering with the same random phase screens in hologram-generation and propagation

1% The difficulty of estimating the phase distribution with large photo-detectors is treated in Appendix B.
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E. Conclusions

The experimental performance of the holograms generated with the autocorrelation-

based algorithms are described and compared with the simulation results. Table 8 shows the

summary of the performance of the three algorithms, as verified experimentally.

. S Target-spot power- . .
Algorithm Target-spot positioning concentration Generation time
ACE Bad due to Iarge background | Bad due to Iarge background Slower
noise noise
IMG Good Good Slower
MIXED Good Good Faster

Table 8. Summary of performance of the ACF, IMG and MIXED algorithms

Simulation with a 2-Tx 2-Rx MIMO system demonstrates that holographic beam-
steering can be used to design the channel matrix in order to reduce Tx-image overlaps and
improve the system performance, even with unknown scattering phases. The results also show
that if the scattering phases are known, the holograms can be highly optimised for these

phases to offer excellent overlap-reduction performance.
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Chapter VII. Conclusions and Future work
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A. Conclusions

MIMO-OWC is a promising technology likely to complement or replace RF-based
systems in future WLANSs [11]. The strength of the MIMO technique lies in its channel
diversity, which allows data-rates many times higher than possible with SISO. An experiment
by the author and colleagues has shown that a lab-based MIMO-OWC system using only 2 Tx
was able to achieve 200 Megabits/s throughput [96], and a 4-Tx 9-Rx system could achieve in
excess of 1 Gigabits/s [116].

Unlike a SISO system where optical-power constraint is the most important limiting
factor, in a MIMO system, MIMO-detection methods play a more important role than power
by reducing cross-talks between channels. Amongst the several MIMO-detection methods
reported in Chapter 11.B, MMSE is found to be the preferred algorithm for implementation
due to its robustness in high-overlap scenarios where the channel matrix is ill-conditioned.
And the effects of symbol detection on MIMO detection dictate that for the Rx processing, the
detection should be performed after MIMO-detection. A corollary is that ZF-based detectors
are more suitable for amplitude-keying modulation schemes, whilst MMSE would require
modulation schemes where the signals are approximately white Gaussian noise such as
OFDM.

To implement such MIMO-detection methods, the channel matrix H as input data must
be known. Based on the model described in Chapter Il.A of a line-of-sight MIMO-OWC
system, Chapter I1.C presents an analytical channel-matrix model for the MIMO systems, and

introduces a simple deterministic estimation algorithm for H, which is found to be effective in

both simulation and experiments.
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To measure the performance of a particular geometry for MIMO communications, three
metrics have been proposed: the condition number, the Signal-to-Interference-and-Noise
Ratio (SINR) and the SISO-equivalent Signal-to-Noise Ratio (SNR¥°.) These metrics are all
based on the channel matrix, and independent of the signals. Simulated transmission through
the MIMO-OWC system using a MATLAB-based program shows that the channel SINR is
the most appropriate metric for geometry performance as it correlates well with the ultimate
transmission metric of BER. The simulation also illustrates that the condition number of the
channel matrix, although not possessing a well-defined relationship with the system
performance, can also be used as a rough predictor of the performance.

Also, from the investigation in Chapter I11.A.1 of the formula for system Bit-Error-Rate
(BER), it has been predicted that the overall performance of a MIMO system is mostly
dominated by its worst channel. This theoretical prediction has been subsequently confirmed
with the data obtained from simulation. Combined with the insights on the channel SINR, this
result is significant in that: to improve the overall system performance, the most effective way
i5 to maximise the SINR of the worst channel.

As the channel SINRs are functions of the channel matrix, which in turn is a
representation of the level of overlaps of the different transmitter images over the receiving
photo-detectors, one of the possible solutions to improving the SINRs is to steer the
transmitter images such that their distributions over the photo-detectors reduces the overlaps.
In a MIMO-OWC system using visible light sources such as light-emitting diodes, this
requires a means of beam steering for partially-coherent light.

Through a theoretical analysis of using holograms for beam steering with partially-
coherent light, it is found in Chapter 1V.B that by using a two-lens configuration to parallelise

and collect partially-coherent light at the source and the image respectively, a mathematical
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relationship is established between three quantities: the source and image intensity
distributions, and the autocorrelation of the hologram.

This mathematical relationship leads to the development of two computational
hologram-design algorithms—the ACF and the IMG algorithms—to obtain a quantised
hologram with the desired beam-steering capability. To take advantage of the strengths of
both ACF and IMG, a third algorithm, MIXED, is also proposed as a mixture of the ACF and
IMG algorithms. These algorithms differ from the commonly used hologram-generating
algorithms in that their cost functions are all based on the autocorrelation of the hologram,
and the performance comparison is done at the hologram plane instead of the image plane.

This has significant speed advantage. Specifically, the MIXED algorithm is shown to be
33-50% faster than alternative methods.

To assess the proposed algorithms’ performance in beam-steering, a simulation-based
study in Chapter V and a corresponding experiment in Chapter VI have been carried out.

The MIXED algorithm is effective in generating beam-steering holograms across a
range of hologram dimensions and for different degrees of coherence in the illumination. This
algorithm is also able to steer the 1%-orders to any position within the image-plane with good
and consistent power performance, thus allowing reasonable expectations of the power
distribution for positions not yet simulated.

Thus when also considering its superior search-time performance, the MIXED
algorithm is the best of the three autocorrelation-based hologram-generation algorithms.

Simulation with a 2-Tx 2-Rx MIMO system demonstrates that holographic beam-
steering can be used to design the channel matrix in order to reduce Tx-image overlaps and
improve the system performance, even in the presence of a phase scatterer of unknown

distribution.
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Combining these findings, a strategy can be devised to optimise the throughput of an
imaging MIMO-OWC system for a given transmitted power. Firstly the transmitter images on
the receiver array would be modelled theoretically using the hybrid geometric-optic model
proposed. Then the channel matrix would be optimised for the different possible placements
of the transmitter images to reduce the overlaps. Subsequently, the placement associated with
the optimised channel matrix would act as the target position and allow a hologram to be pre-
generated with the autocorrelation-based MIXED algorithm. This hologram, when loaded
onto an SLM, would steer the transmitter images to the desired position, thus improving the
channel matrix and the system performance.

In conclusion, it is hoped that the research described in this thesis has yielded useful

insights in optimising MIMO-OWC systems to improve their already-impressive performance.
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B. Future work

This thesis has been about using linear models to understand the MIMO geometry, and
applying active beam-steering on the transmitter images as a collective whole to improve the
system performance. Future research may further advance the MIMO-OWC performance by

examining the following aspects:

a. System geometry with adaptive MIMO-detection techniques

The recursive processing of adaptive techniques, such as V-BLAST, allows the
information acquired in the processing of one channel, e.g. signal power, to be available to the
processing of the other channels. This makes the acquired knowledge better utilised for the
signal recovery than with the linear MIMO-detection techniques reported in this thesis [82,
83]. However, adaptive techniques do not allow easy algebraic manipulations, consequently
making optimisation difficult due to lack of prior models. By studying the geometrical
implications of these adaptive MIMO-detection techniques, the desired form of the system
geometry could be understood, thus allowing optimisation of the channel matrix in order to

maximise the MIMO-OWC performance.

b. Independent holographic beam-steering for multiple Tx

In beam-steering with space-invariant holograms (such as in this thesis), the relative
positions between the transmitter images are preserved since the same linear translation is
applied to every point within the group. Therefore, depending on these relative positions,

image overlaps may be reduced but not totally eliminated.
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For better geometry optimisation, there should be a degree of freedom in steering the
individual images. The simplest solution might make use of space-variant holograms which
would operate differently for the different transmitters [55].

Alternatively, a wavelength-division multiplexing scheme could be employed so that
the same physical hologram would have different effective spacing under different
frequencies. This can be seen in Eq.92 where different values of the wave-number k would

give differently scaled images.

c.  Holographic beam-shaping for channel-matrix improvement

The formula in EQ.92 shows that partially-coherent beam-shaping can be also
performed with holograms, and has been shown experimentally in [70]. In the context of
MIMO-OWC improvement, this capability can be used to alter the shapes of the transmitter
images such that an image would more likely to ‘fit’ wholly within the area of a photo-

detector, thus reducing overlaps which in turn increases the channel matrix’s SINRs.

d.  Algorithmspeed

As noted in Chapter V, despite significant speed improvements over the common direct-
binary-search, the autocorrelation-based algorithms still take too much time to run, although
much faster than the direct-binary-search. Although beam-steering can use pre-generated
holograms, the speed of the algorithm still has to be improved through finding better
convolution calculations so that bigger holograms do not take days to generate. This is

currently the case with the complexity O(N?log N) of the autocorrelation-based algorithms.
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e.

Possible changes to the algorithm implementation

For each of the operations described above, there are multiple other forms which can be

implemented, usually independent of the rest of the program thanks to its modularity.

Although not implemented in this simulation due to their complexity, for future research,

those alternative implementations have the following advantages:

1.

If the (continuously-valued) desired hologram is known to be very close to a certain
quantised hologram and if the pixel can have more than 2 binary values, a more
deterministic distribution than random initialisation can be chosen as K;;, in order
to make the initial state as close as possible to the desired hologram. One example is

that when the desired hologram is known to be real and non-negative, K;,;, can be
set as a quantised distribution of |\/Rd|.

In the proposal step, the random selection of a pixel from the set of not proposed
ones equates to having a binary distribution of proposal probability over all the
hologram pixels. If the hologram performance is known to possess some certain
kind of monotonicity with regards to the pixel values, then a different statistical
distribution can be devised so that a pixel whose update is more likely to lead to
improvement is correspondingly more likely to be proposed. Also, there may be
some distributions of performance where having two or more pixels proposed per
iteration can offer better improvement than updating a single pixel.

For the evaluation step, if some prior knowledge of the performance distribution can
be had, a more directional or deterministic optimisation algorithm can be
implemented instead of simulated annealing which has the tendency to ‘jump over’

minima, local or global, near the beginning of the search. As anexample, if the error
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distribution was known to be polynomial, a conjugate-gradient search would return
the global minimum in no more than N steps, greatly reducing the search time.

4. Depending on the optimisation algorithm chosen as discussed in point (3) above, a
different formula for the evaluation metric can be used: for example, should the
search be conjugate-gradient, the evaluation metric can be the search error ¢ itself.

All these alternative forms are conditional on the desired search performance, as well as

on some prior knowledge of the hologram-performance distribution.
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A. Acceptance probability in simulated annealing

Deterministic gradient-based optimisation suffers from the impossibility to escape local
minima and thus works only with convex functions. For a function whose convexity is not
guaranteed (either theoretically or empirically) probabilistic optimisation offers a convenient
solution to the local-minima problem. The basis of probabilistic optimisation is that the move
from one state to another has a non-zero probability. Thus it is possible for the optimiser to
escape local minima to neighbouring states despite their higher values.

Simulated annealing [1] is one of such probabilistic-search techniques. It varies the
acceptance probability P,...,, of a new state according to a variable A measuring the
improvements made between states, and a decreasing, non-negative ‘temperature’ T acting as
a scheduler for the search to make sure that it will be increasingly difficult for the optimiser to
jump to higher-valued neighbouring states, and eventually the search will terminate at some
minimum. The variable A is positive when the new state is worse than the current state, and

negative when the new state is better. Its magnitude represents the amount of improvement.

Paccept = f(A, T) Eq.llg

In simulated annealing, the algorithm starts off only slightly favouring the better state
over the worse state. As the operation progresses, the improved state is increasingly favoured,
and its acceptance becomes more probable. Simulation shows that the probability function
proposed in [1] does not give satisfactory termination to the autocorrelation-based algorithms
due to its rigid non-accepting of the worse-off states towards the end of the search.

The analysis to follow develops a new probability function that gives more control to

the acceptance toward the end. The definition of simulated annealing is:
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Figure 77. Plot of the hyperbolic tanh(-x) function

Paccept = 0.5, T - 4+
Paccept -0, A— +oo Eq.120
{ , T—-20
Paccept -1, A— —oo

Eq.120 can be rearranged into the following form:

. EET _ {91 0)=1
oI, Paceepe = lim_f(A,T) = gl(T)'{g1(+oo) = 0.5
. T _ . 9, (0) =0
Jim Poceepe = Jim_ £(AT) = g, (1)} o) = 05 Eq.121

lim Pyecepe = £(0,T) = 0.5

Where the univariate boundary-functions g,(T) and g,(T) are monotonically
decreasing and monotonically increasing, respectively.

From Eq.121, it can be seen that at any given T, g,(T) = 0.5 > g,(T) with equality at
T = +o0. Since P,.cqpe € [0,1], is continuous, and has to satisfy the boundary conditions in
Eq.121, its plot versus A for a fixed T = T, should have a form similar to that in Figure 77,

which is that of the hyperbolic tanh(—x) function. It can thus be immediately seen that a
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function**** with the analytical form similar to that of tanh(—x) would satisfy the boundary

conditions:
ae® + be™
AT) = ——— Eq.122
fATo) cet +de .
Substitute Eq.122 into Eq.123:
. b
Al_lf_noo f(A,Ty) = g4(Tp) = d
lim f(A,Ty) = g,(Tg) =
A_lf_{loof 1ol = G280) = 7 Eq.123
a+b
0,T,) =05=
f(0.To) c+d
Solving Eq.123 for the factors a, b, c, and d, the function f(A,T) becomes:
1—2g,(T
BNt U e s
AT) = Eq.124
J e2h _ 1—2g,(T) a
1-29,(T)

It is obvious that f(A,T) as given in Eq.124 satisfies all boundary conditions in Eq.121.

The gradient of f(A,T)atA=0is:

i _ 1- zgz(T) gz(T) - 91(T)
dA fa) Ao 2291(T) -1 (1 L1- ZgZ(T))Z Eq.125
2.91(T) -1

It can be seen that the magnitude of this gradient depends on the factor y = 2 which is

the gradient at A= 0 of e?2. When this factor increases, the gradient magnitude increases for
any given T, and P, becomes more sensitive to changes in A. To make P

accept

increasingly sensitive to A as the operation progresses, the factor y can be an inversely-

varying function of the decreasing temperature T, such asy = 1 /T'

*# There are of course infinitely many functions whose plots satisfy the conditions in Eq.121.
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From Eq.121 to Eq.124, it can be seen that g, (T) and g, (T) are independent boundary
functions which only have to satisfy their own asymptotic conditions as in Eq.121. The larger
their rates of approaching the asymptotic value of 0.5 (with respect to T), the bigger the range
of T in which P, = 0.5. In other words, as T decreases with progress of the operation,
larger rates of asymptotic approach mean that the more-or-less random acceptance of new
states takes place over more iterations, as seen in Figure 78 with g, (T)and g,(T) taking
exponential forms with respect to T.

As the operation progresses and the temperature T decreases, if the approach rate to the
asymptotic value 0.5 of either boundary functions increases, the random-acceptance period is
extended for the relevant sign of A. Therefore, the difference between the decrease rate of T
(the ‘cooling rate’ of simulated annealing) and the increase rate of asymptotic approach of the
boundary functions controls the termination of the random-acceptance period. Notably, if the
latter is larger than the cooling rate, the random acceptance extends to the whole operation.

Figure 79a shows the visualisation of the dependence of P, on A and T, according

to Eq.124. In this plot, g,(T) and g,(T) take exponential forms and have different asymptotic

© 0.5 - 0.5exp(3—__—
1045 10.4 g Jxﬁ_x’
0.5.<70.5exp(-2x)

0.5 + 0.%xp(-x) - &% - 0.5exp(-x)

0.5 0. 5exp(-2x)

0.5 + 0. 5exp(-30) —————————— ¥

(a) - (b)
Figure 78. Exponential forms with respect to T of (a) g1(T); (b) g2(T)
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(@) (b)

Figure 79. Plot of P, With respect to A and T according to (a) Eq.124; (b) [1]

approach rates as demonstration of their independence from each other. Compared with the

Boltzmannian formula of P [1] visualised in Figure 79b, the formula in Eq.124 is less

accept
sensitive to values of A at high T, but much more sensitive at low T. This means that early on
in the operation, Eq.124 behaves more like random acceptance and less like a gradient search
than that in [1]. But as the operation progresses, its pronounced tanh-like form at low T (see
Figure 79a) provides the flexibility to escape local minima, which the Boltzmannian formula
cannot afford due to its tending to the infinite-well shape (evident at T — 0 in Figure 79b).
One of the solutions to the random-acceptance issue is to control the schedule of the
decreasing temperature T so that the random acceptance terminates relatively early on in the
operation. As can be seen from Figure 79, this early termination implies that the temperature

T must drop significantly over a relatively few iterations, whilst over the rest of the operation,

it decays slowly, corresponding with P

accepe DEING More sensitive to A. Conceptually, this

variation is analogous to an exponential-decay function, thus hinting that T can take the form
of a exp(—bx) where x is a variable representing the iteration progress.
As discussed before, the termination of the random acceptance can also be controlled by

choosing appropriate decay rates for the boundary functions g,(T) and g,(T). These rates
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can also be functions of T as an adaptive means of controlling the asymptotic approaches.
However, simulations show that fixed values perform well.

The probability of accepting a new state which is neither better nor worse than the
current state is assumed to be 0.5 in this analysis (cf. Eq.121 and Eq.123). This probability,
however, can be changed to a different value, 1/p, to reflect ‘encouragement’ or
‘discouragement’ of moving to a performance-wise identical state. The results obtained with
such a probability would be identical in formulation to those presented in this section, with
(1 —2g,(T)/(1—2g,(T)) replaced with (1 — ng,(T))/(1 — pg,(M).

In the hologram-generation operation, the following formulas and values are used, as
found through empirical adjustments:

A=e,(¥) —e,_,(¥)
T = 300exp(—150n/N)

1 1
g,(T) = 3 + 3 exp(—10T)

9,(T) = %— %exp(—lOT) Eq.126
g, (T)exp (%) —9:(T) %

Paccept(A' T) =

)20

With:
N: total number of iterations to perform in the operation;
n: index of the current iteration;

e, (¥): error value of the n'" iteration, calculated for the cost function ¥, with respect to

the corresponding target function.
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B. Influence of direct-detection on the hologram search

The formula developed in Chapter I'V has the intensity distribution at the image plane as
a wide-field continuous function whose evaluation requires infinity-bounded integrations, or
at least over the whole of various Fourier-periodic expanses. In real systems, two constraints
limit the application of such formula:

- The capture device in reality can have relatively limited fields of views, thus the
integration may not be carried out over the required expanses.

- Except for the cases of capture devices with very high resolutions where the intensity
distribution can be considered as approximately continuous, for a normal photodiode array
acting as the capture device, the intensity field available as the receiver’s output is at best a
coarsely-sampled discrete function.

Therefore the continuous intensity-distribution formula as developed in Chapter IV
must be modified, especially to accommodate the coarse sampling of realistic photo-detector
arrays. As seen in Chapter IV, the hologram search depends strongly on the exact formulation
of the intensity distribution, so any changes likely affect the hologram-design strategy.

The extent-limited discrete intensity distribution J,,(I) can be expressed as a sampling

function of the physical continuous unbounded function J(I):

S =00 M) =Y £,60-1,) =fD) Y 804-1,) £q.127

Where f, are the discrete values for the sampling points I, in the image plane, 6(-) the
Kronecker delta function, and f(I) a continuous function whose delta-sampling gives f,,.

In the direct-detection architecture of the receiver, each of the photodiodes acts as a
spatial photon integrator which integrates all photons incident within its collection area in the

image plane. The effective intensity to each of these photodiodes can thus be expressed as:
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Ju L) = f, = f JAW, () dr Eq.128
Ir

Where W, (1) is windowing function for the photodiode at the sampling point I,,.
Using the assumption that the apertures of the photodiodes are identical, W, (1) can be

expressed in terms of the base windowing function W (I) as:

w,(D =w(d-1) Eq.129

Substituting Eq.129 into Eq.128, the effective intensity becomes:
S = a, = f JAOW —1) dl Eq.130
Ir

Since both the continuous intensity J(I) and the windowing function W (I) are real, it

can be seen that ], (I,,) is exactly the cross-correlation R, (I,,) between J(I) and W (I) with

the spatial lag of I,. Therefore, f(I) in Eq.127 also takes the form of the cross-correlation

Ry, (1). The spatially-sampled intensity J,,(1,,) thus becomes:

J,(D = R]W D Z s(I—1,) Eq.131

From Chapter 1V, the expression for the continuous intensity distribution is:

From EQ.103 and the cross-correlation definition, the Fourier-domain function R]W(Z)

can be expressed as:

Ry (2) = (D)W (2) = ,;ZZ; ; <T(— %Z> VT/(Z))RKK (- %z) £q.133

The optical power collected by the photodiode at point 1, is thus:
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7
T (1) = Ry () = e i

(i(—%z)W(Z))RKK (—%Z)} Eq.134

Eq.134 is effectively the multiplicative point-sampling of an Inverse Fourier Transform,
thus its mathematical evaluation must follow a strict order due to the non-associativity
between convolution and multiplication. As a result, the optical power collected by the
photodiode at a specific point I, for a source of non-Dirac intensity distribution cannot be
decomposed into a point-source response and the non-Dirac source distribution. The direct
consequence of this is that coarse-sampling in the image plane renders the backward-
propagation to the hologram plane ineffective, and thus the autocorrelation-based algorithms
cannot be used.

A solution to this problem can be that: Beam steering can be perceived as an operation
to increase the power at the desired location whilst reducing that at the other locations. From
Eq.134, the ratio of the optical power collected by the photodiode at point I,, to the total non-

windowed power in the image plane is:

-1 & _f —~ _f
Ju (In) :TI" {<1< ﬁz)W(Z)>R’“‘< fz)} Eq.135
J; J(d 1(0,0)R(0,0)

Steering the optical beam to I,, is equivalent to increasing the ratio in Eq.135 to as close
to 1 as possible. It can be seen that this ratio can be calculated entirely at the hologram plane

for a known source distribution, thus allowing some types of autocorrelation-based criteria.
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