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Abstract

This thesis explores the use of single-photon avalanche diodes (SPADs) for
visible light communications (VLC). The high sensitivity of SPADs can po-
tentially enhance the performance of VLC receivers. However, a SPAD-based
system has challenges that need to be addressed before it can be considered

as a viable option for VLC.

The first challenge is the susceptibility of SPAD-based receivers to vari-
ations in ambient light. The high sensitivity of SPADs is advantageous for
signal detection, but also makes SPADs vulnerable to variations in ambient
light. In this thesis, the performance of a SPAD-based receiver is investi-
gated under changing lighting conditions. Analytical expressions to quantify
performance are derived, and an experiment is conducted to gain further un-
derstanding of system performance. It is shown that a SPAD-based receiver
is highly sensitive to illumination changes when on-off keying (OOK) is em-
ployed, and that pulse-position modulation (PPM) is a preferred modulation

scheme as it is more robust.

The second challenge is broadcasting to SPAD-based receivers with differ-
ent capabilities. A traditional broadcasting scheme is time-sharing, whereby
a transmitter sends data to receivers in an alternating manner. Broadcasting
to SPAD-based receivers is challenging as receivers may have diverse capa-
bilities. In this thesis, a new multiresolution modulation scheme is proposed,
which can potentially improve system performance over the traditional time-
sharing approach. The performance of the proposed scheme is analyzed, and

a proof-of-concept experiment is performed to demonstrate its viability.
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Chapter 1

Introduction

Chapter QOuverview

The chapter begins with a discussion about the growing demand for spec-
trum, and the potential that lies within visible light communication (VLC)
systems. This chapter also includes a discussion about the likely future of
light-emitting diodes (LEDs) and VLC. Components of a VLC system are
described in this chapter, and how VLC works is explained. This chapter
also gives an overview of efforts made towards the development of VLC. The
chapter concludes with a description of the thesis’s objective, and a summary

of the contributions made.




CHAPTER 1. INTRODUCTION

1.1 The need for VLC

Nowadays, wireless access to the Internet is becoming an important utility
in our daily lives - just like electricity and water. Over the past years, radio-
frequency (RF) systems, such as Wi-Fi, have successfully provided wireless
access to end-users. However, RF systems are now facing a great challenge:
the RF spectrum is becoming crowded. With the number of wireless devices

increasing each year, a congestion crisis is looming.

Worldwide, the demand for spectrum is growing rapidly. The volume of
data traffic generated by mobile devices is expected to grow by 6-fold between
2014 and 2018. Forecasts indicate that by the end of 2014 there will be more
mobile-connected devices than people on the planet (7.2 billion). By 2018 it
is estimated that there will be nearly 10 billion mobile-connected devices (1.4
per capita) [1, 2]. This rapid growth needs to be sustained by an equivalent
growth in spectrum bandwidth. However, the RF spectrum is now scarce. It
is anticipated that by 2020 Wi-Fi networks in the UK could face a “spectrum

crunch” [3], should current trends continue.

The vast spectrum available to visible light communication' (VLC) can
potentially accommodate the growing number of wireless devices. The visible
light spectrum is about 10? times larger than the RF spectrum [4]. With this
immense spectrum VLC can offer much higher data rates than are currently
possible. Recently, data rates up to 10 Gbits/sec have been experimentally
demonstrated [5]. VLC is still in its infancy; however, it shows a great

potential for wireless communication.

'WLC is defined as wireless communications that uses wavelengths visible to the human
eye (380-780 nm).
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1.2 The Future of LEDs and VLC

Recent trends indicate that VLC might be the next-generation indoor wire-
less communication technology. Currently, indoor lighting is shifting away
from incandescent and fluorescent lamps to light-emitting diodes (LEDs).
Power-efficiency, reliability, and brightness are just a few of the appealing
features of LEDs [6, 7, 8]. It is now possible to purchase LED bulbs for
home use [9]. The vision is that LEDs will be simultaneously used for indoor
illumination and wireless communication [10, 11, 12].

In the future, LEDs will be prevalent in homes and offices. Haitz’s Law
- alike Moore’s Law but for LEDs - states that every 10 years the amount of
light an LED produces increases by a factor of 10, while its cost-per-lumen
decreases by a factor of 20 [13]. In other words, LEDs become brighter and
cheaper over time. As Haitz’s Law continues to progress, it is likely that

LEDs will become more widespread and their use for VLC will increase.

1.3 Visible Light Communications

Figure 1.1 depicts a VLC system. The transmitter modulates the intensity of
light by a laser or LED, and uses shaping optics to spread light over a large
area. The channel is the medium through which light travels. This channel
adds noise to the transmitted signal, which could be from sunlight or artificial
illumination. The receiver uses a lens to collect the incoming light and focuses
it on a photodiode detector. The detector produces a photocurrent signal

from which a data stream can be extracted by a decision-making device.



CHAPTER 1. INTRODUCTION
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Figure 1.1: Visible light communication system.

This transmission/reception scheme is known as intensity modulation and
direct detection (IM/DD). By far IM/DD is the most widely used scheme
in optical communications as it is costly to build oscillators, for coherent
communication, at optical frequencies [14].

Some of the attractive features of VLC are:
e The spectrum available to VLC is vast (~ 400 THz wide [15]).

e The bandwidth of VLC lies in a spectrum that is unlicensed [16]. This

allows immediate deployment.

e RF signals can cause electromagnetic interference in electronic instru-
ments, whereas VLC signals do not. This makes VLC suitable for use

in sensitive areas such as airplanes [17].

However, these attractive features carry with them some drawbacks, namely:
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e Ambient light, such as sunlight, can interfere with VLC systems; hence,

impair performance [18].

e Unlike its RF counterpart, VLC systems are vulnerable to obstruc-

tion [19].

e Eye safety requirements limit the power that can be used by a VLC

system [20].

In addition to wireless access to the Internet, VLC has a number of potential

applications:

e [ndoor Positioning:

A promising application for VLC is indoor localization and navigation.
Signals from GPS? satellites are usually unavailable in indoor envi-
ronments, and RF systems are inaccurate due to multipath propaga-
tion [21]. However, VL.C can potentially provide users with a centimetre-
level position accuracy [22, 23], as the optical signal it uses is highly

directional.

o Vehicle Safety:

Vehicle-to-vehicle communications seeks to improve road safety. Collision-
avoidance and lane-change-assistance are some of the safety features
this technology could bring. However, it is required from this technol-
ogy to meet some stringent specifications before it can be deployed.

For example, restricting the latency to no more than 100 msec and a

2Global Positioning System.
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communication range of 150 m [24]. VLC has the potential to sat-
isfy these requirements [25]. Nowadays, LEDs can now be found in
headlights and taillights of cars. With these LEDs, VLC can realize

vehicle-to-vehicle communications [26, 27].

e Underwater Communication

Underwater communication has received much research attention over
the past few years. Applications range from offshore exploration to
seismic monitoring [28, 29]. Seawater has a high absorption coefficient
for optical signals except for wavelengths between 400-500 nm [30].
This bandwidth lies in the visible light spectrum, thus giving VLC a

unique advantage in undersea communication.

1.4 Development of VLC

The concept of using visible light LEDs for wireless communications was
introduced in 1999 by Pang et al. [31]. However, it was Komine et al.
that suggested that LEDs used for indoor illumination can be simultane-
ously used for wireless communications [32, 33]. Today, some 15 years later,
VLC has thrived. Research groups now exist worldwide, standards have been

released [15, 34, 35|, and commercialization of VLC has begun [36, 37].

To promote VLC, consortiums have been formed. In 2003 the visible
light communications consortium (VLCC) was founded, followed by the light-
fidelity (Li-Fi) consortium in 2011. Research, development and standardiza-

tion of VLC are among the missions of the consortiums [38, 39].
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Research projects towards the development of VL.C have been undertaken.
Characteristics of indoor VLC channels have been analyzed [40]. The feasi-
bility of wireless communications using LEDs in the presence of high room
illumination was experimentally verified [41, 42]. In [43], it was shown that a
commercial off-the-shelf LED can deliver ~ 100 Mbit/sec. Parallel transmis-
sion in VLC requires alignment between transmitters and receivers to pre-
vent crosstalk, and thus limits a receiver’s mobility. This alignment restraint,
however, can be removed by using multiple-input multiple-output (MIMO)
signal processing [44, 45, 46]. The potential of orthogonal frequency division
multiplexing (OFDM) to enhance data rates was investigated [47, 48]; it was
recently shown that a single LED can deliver 3 Gbits/sec by OFDM [49].

1.5 Thesis Overview and Contributions

Photon-counting receivers are potentially attractive for VLC as they offer
high link margins. Historically, photon-counting receivers relied on pho-
tonmultiplier tubes (PMTs). However, PMTs are bulky [50], and thus are
not suitable for wireless communications. Today, single-photon avalanche
diodes (SPADs) are providing a low-cost solid-state alternative for photon
detection [51, 52]. However, there has been little research about employing
SPADs in VLC systems (see, e.g., [53, 54]). This thesis explores the use of
SPADs for VLC.

In Chapter 2, a general architecture of a SPAD-based VLC system is

described, and its operating principles are explained. In Chapter 3, the
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performance of a SPAD-based receiver is investigated under changing lighting
conditions. Chapter 4, investigates broadcasting to SPAD-based receivers.
A scheme is proposed to improve system throughput, when receivers with
diverse capabilities share a common downlink channel. The performance
of the proposed scheme is analyzed, and a proof-of-concept experiment is
performed to demonstrate its viability. In Chapter 5, conclusions from the

project are drawn.

The contributions of this thesis are the following:

Analysis of the performance of a SPAD-based receiver under changing

lighting conditions.

e Experimental assessment of the performance of a SPAD-based receiver

under changing lighting conditions.

e Design of a multiresolution PPM, M /N-PPM, scheme to improve data
rates when broadcasting to SPAD-based receiver with different slot

durations [55].
e Analysis of the performance of the proposed M/N-PPM scheme [55].

e Experimental demonstration of the capability of the proposed M/N-
PPM scheme [56].



Chapter 2

Communication System and

Operation Principles

Chapter QOuverview

This chapter begins with a discussion on the operating principles of single-
photon avalanche diodes (SPADs). The structure of a SPAD-based VLC
system is presented, and figures of merit used to quantify its performance are
explained. Simulation results are also provided and examined with respect

to theory.
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2.1 Single-Photon Avalanche Diodes

Single photon detection has traditionally relied on photonmultiplier tubes
(PMTs). However, PMTs are bulky, require high voltages, and are sensi-
tive to vibration [50, 57]; thus, are not suitable for communication systems.
Today, single-photon avalanche diodes (SPADs) are providing a solid-state
alternative for photon detection [51, 52]. High-sensitivity, low noise, and
compactness are just some of the attractive features of SPADs. Nowadays,
SPADs are finding many applications ranging from VLC [58] to quantum key

distribution [59].

SPADs are avalanche photodiodes (APDs). What distinguishes SPADs
from other APDs is that they are specially designed to operate with a reverse-
bias voltage beyond the breakdown voltage [60]. This mode of operation is
commonly referred to as the Geiger-mode [61]. In this mode, a single photon

can trigger a signal of large-amplitude and short-duration.

Figure 2.1 shows a SPAD in a circuit, and Figure 2.2 shows its I-V charac-
teristic curve. When in reverse-bias mode, a high electric field is established
across a SPAD’s p-n junction. Once a photon is absorbed in the electric field
region an electron-hole pair is produced. The electric field drifts electrons
towards the n side of the junction, and the holes towards the p side of the
junction. As electrons, or holes, accelerate in the junction they gain kinetic
energy. If the energy they gain is sufficient they can produce more electron-
hole pairs as they collide with the crystal lattice. The secondarily created

electrons and holes (and primary as well) can further generate electron-hole

10



CHAPTER 2. COMMUNICATION SYSTEM AND OPERATION
PRINCIPLES

Vhbias

J\ Vout

s«‘ SPAD

Figure 2.1: SPAD and circuitry for passive quenching.

pairs [62]. This creates an avalanche current that swiftly rises and continues
flowing until the reverse-bias voltage across the SPAD is lowered by the series
resistor. The resistor quenches the avalanche current, that is, it brings the
SPAD out of the breakdown region (Figure 2.2). After the SPAD is quenched,
it begins to recharge until the voltage across it reaches the reverse-bias volt-
age level. The SPAD then becomes ready to detect a new photon. The SPAD
in Figure 2.1 is passively quenched. Another method to quench the SPAD
is called active quenching. Figure 2.3 illustrates this method. An electronic
controller senses an avalanche current and switches on a quenching voltage.
The quenching voltage lowers the reverse-bias across the SPAD to a level
below the breakdown voltage. Once the SPAD is quenched, the controller

resets the SPAD to its initial state, where it recharges [63, 64].

11
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PRINCIPLES
I (Amps)
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Forward
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Vbia's..*'..‘ Vv breakdown-‘-":__
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Figure 2.2: I-V characteristic curve.
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Control Vout
0

Logic

°
i
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Figure 2.3: Active quenching of SPAD. Reproduced from [63] with modifica-

tions.
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The impairments of a SPAD-based receiver are the following:

o Afterpulsing: temporarily trapped charges in defects of SPADs’ p-n
junctions can be released after a photon is detected. This phenomenon
is known as afterpulsing [65]. Pulses generated by these charges are
indistinguishable from signal pulses, and hence give rise to false photon

counts.

e Dark counts: are false photon counts that arise in the absence of light
incident on the SPAD. This noise is highly temperature dependent and
thus can be reduced by cooling the SPAD [63]. Cooling is used in com-

mercial SPADs, such as the one used in later experiments (Chapter 3).

e Dead time: a SPAD needs recovery time to reset to its initial state
after an avalanche event. This period of time is called dead time [66].
There are two types of dead time: extensible and non-extensible [67].
Figure 2.4 and Figure 2.5 provide illustrations of non-extensible and
extensible dead time, respectively. The dead time for non-extensible is
fixed, whereas the dead time for extensible extends with the arrival of a
photon. Photons that arrive during the dead time will go undetected; if
the onset of an avalanche event is used to mark the arrival of a photon.
The performance of a SPAD-based communication system is highly
affected by the dead time as it limits the number of photons that can

be detected.

13
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Duration of dead time

o Photon arrival event detected
Non-extensible dead time @) Photon arrival event undetected
d
-
[ ] ® O | JoJo N | > Time

Figure 2.4: An illustration to show the effect of non-extensible dead time
on the detection of photons. The dead time is fixed and is of duration d.
Photon arrival events 1, 2, 4, and 7 are detected. However, photon arrival
events 3, 5, and 6 go undetected as they lie within the dead time initiated
by a previously detected photon.

Duration of dead time

o Photon arrival event detected
Extensible dead time O Photon arrival event undetected
d —
- —
[ ] ® O 00O O » Time

Figure 2.5: An illustration to show the effect of extensible dead time on the
detection of photons. The dead time is of duration d and extends if a photon
arrives during this period. Photon arrival events 1, 2, and 4 are detected.
However, photon arrival events 3, 5, 6 and 7 go undetected as they lie within
the dead time initiated by a preceding photon.

14
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2.2 SPAD-based VLC system

Figure 2.6 shows a schematic of a SPAD-based VLC system, which consists
of three main parts: a transmitter, receiver, and the channel between them.
Electronics at the transmitter convert input data into a time-varying cur-
rent that drives an LED. The LED emits photons, ideally, at a rate which
is proportional to the input current. Photons travel through the wireless
channel until they reach a SPAD at the receiver. Electronics at the receiver
determine the arrival time of photons, and attempt to decode the received
signal. For the low photon flux case considered here, the optical channel is

modelled as a Poisson channel, given by [68, 69],

N

P(k):Fe y

ke{0,1,2,...}, Ae0,00) (2.1)

where k is the number of photons observed in a time interval, At, and A is the
average number of photons observed in At. The impairments of the system
are: a) dead time b) noise which is produced by dark counts and ambient

light.

15
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Transmit.ter » LED //_’_/__ SPAD > Receive?r
Electronics . Electronics
Current (amps) Current (amps)
A A
Input Output
> >
Time (sec) Time (sec)

Figure 2.6: Generic structure of a SPAD-based VLC system. Spikes at the
output represent short duration pulses produced by the SPAD in response
to a detected photon.

16
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2.3 Principles of Operation

Figure 2.7 shows a block diagram of an on-off keying (OOK) VLC system.
In this system, an input bit is mapped to a channel symbol by an intensity
modulator, such as an LED, whereby a pulse of light is used to represent
binary one and the absence of it is used to represent binary zero. The
modulated signal traverses the channel and noise caused by ambient light is
added to it. A SPAD at the receiver end detects the incoming photons and
adds dark counts to them. The number of photons detected by the SPAD in
an OOK symbol is determined by a photon counter. The photon counts are

then passed to a demodulator, which estimates the transmitted symbol.

Ambient light
Dark counts Photon
LED é counts
Input —»| (Modulator) > —» Counter — —» - —— Output
(Photscf:il:t[;c tor) Threshold demodulator

Figure 2.7: Block diagram of a SPAD-based VL.C with OOK modulation.

Figure 2.8 shows a block diagram an M-ary pulse-position modulation
(M-PPM) VLC system. In this system, an M-PPM encoder maps a block
of log, M input bits to a codeword. The codeword is then passed to an
intensity modulator, which sends a pulse in one of the M slots of a PPM
symbol. Figure 2.9 provides an illustration of this process. The modulated
signal traverses the channel and noise caused by ambient light is added to it.

A SPAD at the receiver detects the incoming photons and adds dark counts
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to them. A photon counter then counts the number of photons detected by
the SPAD in each PPM slot, and passes the counts to a demodulator. After
the elapse of a symbol duration the demodulator estimates the transmitted

PPM symbol and subsequently maps it to a block of log, M output bits.

Ambient light
Dark counts Photon
counts
Input —» M-PPM | | LED > — Counter o MPPM — Output
Encoder (Modulator) Demodulator
SPAD
(Photodetector)

Figure 2.8: Block diagram of a SPAD-based VLC with M-PPM.

Bits | Codeword | Modulated signal
00 | 1000 | ‘ ‘ Lyt
1 1 —
: : Slot
01 | 0100 | ‘ o
10 | 0010 !, ot
1| o001 | >t

Figure 2.9: An illustration of codewords and signal set of 4-PPM. Here, T} is
the symbol duration, which is divided into four time slots of equal duration.
Generally, information is encoded in M-PPM by sending a pulse in one of
the M slots of an M-PPM symbol.
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2.4 Figures of Merit

The following figures of merit are used to quantify the ability of a communi-

cation system:

e Capacity: The capacity is a fundamental limit of a communication
system. It is defined as the highest rate at which a system can com-

municate reliably across a channel [70].

e Photon-Efficiency: The photon-efficiency, expressed in bits/photon,
quantifies how well energy is used to achieve a given rate. It is defined

as the amount of information conveyed on average by a photon [71].

e Bit-Error Rate (BER): The BER quantifies the quality of a commu-
nication link. It is defined as the probability of an error in a received
bit. Experimentally, the BER is measured by dividing the number of

received bits that have errors by the total number of bits transmitted.

2.5 Simulation Results

This section provides BER simulation results to: a) predict the performance
of a SPAD-based system when OOK and M-PPM are employed b) compare

simulation results with theory.

Algorithm 1 and Algorithm 2 provide a step-by-step procedure to sim-
ulate the BER of OOK and PPM, respectively. Figure 2.10 - Figure 2.13
show BER simulation results, and provide a comparison with theory. The

theoretical BERs for OOK and PPM were produced by using (3.30) and

19



CHAPTER 2. COMMUNICATION SYSTEM AND OPERATION
PRINCIPLES

(3.31), respectively. All algorithms were coded in MATLAB, with which a
vector is used to represent the transmitted waveform with each element rep-
resenting the number of photons (signal and/or noise) in a particular time
slot. In the simulation and numerical results the value of the noise is set to
A, = 2.6 x 107* and 1.5 (photons/slot), as these values are typical of those
measured in later experiments (Chapter 3 ).

The accuracy of a BER simulation depends on the number of bits, L,
that are simulated. The higher the value of L, the more the BER approaches
its true value. However, the simulation time increases with L. Therefore,
a compromise between accuracy and simulation time may be required. A
practical value of L is %, where p is the theoretical BER [72]; this value is

used in this section.
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Algorithm 1 : algorithm to simulate the BER of OOK on a Poisson channel

Input: Mean value of signal photons: A
Mean value of noise photons: A,
Probability of logic one: Px (1)
Data length: L

Output: Bit-error rate

Initialize: Total number of errors < 0

A + Randomly generate a bit stream of length L

1-Px (1)
>\5+ln< PX)((l) > ..
T % set decision threshold.

In (1 + i—;)
for i < 1to L do
if A(7) =0 then
Generate the number of noise photons, k(7), in an OOK slot

according to the Poisson distribution: Pk (k) =
else
Generate the number of signal4+noise photons, k(7), in an OOK slot
according to the Poisson distribution: Py (k) = ()‘f;c%)ke_(’\ﬁ’\”)
end if
if k(i) > 7 then
B(i) «+ 1 % decode data.
else
B(i) + 0 % decode data.
end if
Error<—A(:i) @ B(i) % exclusive OR.
Total number of errors <— Total number of errors+Error
end for
Bit-error rate <— Total number of errors/L
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Algorithm 2 : algorithm to simulate the BER of PPM on a Poisson channel

Input: Mean value of signal photons: A

Mean value of noise photons: A,

Modulation order of PPM: M

Datg length: L such that 1og§M €{1,2,3,...}
Output: Bit-error rate
Initialize: Total number of errors < 0

A <+ Randomly generate 1ogj; 57 Dumbers chosen from
the set {0,1,...,M — 1}
10 ... 0
01 ... . _ ‘
I« |. . ) % generate an identity matrix.
00 ... 1), .
for i < 1 to 1og§M do

D <+ TI(A()+1,1to M) % assign the (A() + 1)th row of I to vector D.
for j < 1to M do
if D(j) =0 then
Generate the number of noise photons, k(j), in the jth
PPM slot according to the Poisson distribution: Py (k) = %e*)‘”
else
Generate the number of signal+noise photons, k(j), in the jth
PPM slot according to the Poisson distribution: Pk (k) = W@‘Q‘S“n)
end if
end for

B(i) <~ arg max k(m) % decode data: find the index of
m €{1,2,...,.M}

vector k£ which yields the maximum value.

B « Convert (B(i) — 1) from decimal to binary

A + Convert A(i) from decimal to binary
log, M , ,
Error<— > A(n) @ B(n) % exclusive OR and summation.
=

n—=
Total number of errors < Total number of errors+Error
end for
Bit-error rate <— Total number of errors/L
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Figure 2.10: BER of OOK versus number of signal photons per slot on a
Poisson channel. All modulation symbols are equiprobable.
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Figure 2.11: BER of 2-PPM versus number of signal photons per slot on a

Poisson channel.

All modulation symbols are equiprobable.
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Figure 2.12: BER of 4-PPM versus number of signal photons per slot on a
Poisson channel. All modulation symbols are equiprobable.
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Figure 2.13: BER of 8-PPM versus number of signal photons per slot on a
Poisson channel. All modulation symbols are equiprobable.
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The simulation results and theory are in close agreement. In Figure 2.14,
for the same number of signal photons, or average power, 2-PPM has an im-
proved performance over OOK, since the Euclidean distance between its con-
stellation points is larger. This is illustrated in Figure 2.15. The Euclidean
distance between the constellation points of 2-PPM is |[s; — so|| = V2 As,
whereas for OOK it is ||s; — so|| = As. However, as the modulation order
of PPM increases its performance degrades as more noise photons per PPM

symbol are collected.

In this chapter, all modulation schemes have the same number of signal
photons per slot, A\;. In the next chapter, the performance of modulation
schemes are studied when they are given the same average number of signal

photons per symbol, j.

OOK, Theory, Noise photons: A,, = 1.5 (photons/slot)

3L *  OOK, Simulation, Noise photons: A,, = 1.5 (photons/slot)
----- 2-PPM, Theory, Noise photons: A, = 1.5 (photons/slot)

¢ 2-PPM, Simulation, Noise photons: A, = 1.5 (photons/slot)
10 ... 4-PPM, Theory, Noise photons: \,, = 1.5 (photons/slot) 3

Bit-Error Rate, BER
H
oI

o  4-PPM, Simulation, Noise photons: A,, = 1.5 (photons/slot)
10*57 — — — 8-PPM, Theory, Noise photons: A, = 1.5 (photons/slot)

v 8PPM, Simulation, Noise photons: A, = 1.5 (photons/slot)

i i i i i

0 1 2 3 4 5 6 7 8
Signal Photons, As;(photons/slot)

=
o

Figure 2.14: BER of OOK and M-PPM versus number of signal photons per
slot on a Poisson channel. All modulation symbols are equiprobable.
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Do
A

P

A

| A )‘S\l

(b)

Figure 2.15: Signal space representations for: (a) OOK, (b) PPM.
@o(t) and ¢ (t) are orthonormal functions defined as:

wo(t) =1if 0 <t <T and @y(t) = 0 otherwise.

e1(t) =1if T <t < 2T and ¢1(t) = 0 otherwise,

where 7' is the slot duration. 06
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2.6 Conclusion

A SPAD-based VLC system operates in the photon counting regime where
Poisson statistics are observed. After a photon is detected, a SPAD needs
to be quenched to detect a subsequent photon. Photons that arrive during
this time will go undetected. The high sensitivity of SPADs makes them a
potential candidate for VLC receivers. In the next chapter, the performance

of a SPAD-based VLC system will be studied.
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Chapter 3

Communication over Noisy

VLC Channels with SPADs

Chapter Querview

This chapter studies the performance of a SPAD-based VLC system in
terms of capacity, photon-efficiency, and BER, when room illumination de-
viates from a given value. The problem is first studied analytically; then
an experiment is conducted to gain an understanding of the performance of

OOK and PPM, when SPADs are employed.
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Chapter’s guide to notations: we denote the set of non-negative real num-
bers, [0,00), by Ry, the set of natural numbers, {0,1,2,...}, by N, and the
set of non-zero natural numbers, N\{0}, by N*. Uppercase letters, e.g., X,
are used to denote random variables (RVs), lowercase letters, e.g., z, to de-
note corresponding realizations of RVs, and calligraphic letters, e.g., X, to
denote the alphabets of RVs. Subscripts of probability mass functions (pmf)
specify the RV involved or the conditioning of a RV to another one, e.g., the
pmf of RV X is denoted as Px(x), whereas the conditional pmf of RV K
given X = x is denoted by Pg|x(k|r). A time-index, i, is used to indicate
the moment of an observation, e.g., the ith outcome of RV K is denoted as
k;. We use max(-) to denote the maximization operator, and arg max(-) to
denote the argument which yields the maximum, e.g., if function f(x) has a
global maximum at x = x¢, then we have the following: f(x¢) = max f(z),

and zg = argmaxf(z). The integer part of real number 7 is denoted as |7].
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3.1 Introduction

In the previous section, simulation results were used to predict the perfor-
mance of a SPAD-based VLC system. In this chapter, the performance a
SPAD-based VLC system is studied analytically and experimentally. First,
an ideal case is considered in which the noise intensity is perfectly known by
a receiver; then a case when it is not known is analyzed. This is of practical
relevance to VLC as the room illumination level in an indoor environment
may suddenly change, when, for instance, ambient light is switched from on

to off, or vice versa.

On-off keying (OOK) is a commonly used modulation scheme in optical
communication. For high-speed communication systems, such as VLC, OOK
is appealing as it is relatively simple to implement on hardware. However,
a drawback of using OOK is that it requires a decision threshold, which
in practice needs to be determined in a dynamic environment. A sudden
change in the indoor illumination level can cause an imprecise estimation
of the channel’s noise. As a result, the threshold of OOK could be at a
suboptimal value. This can cause the BER of a VL.C system to increase, and
may reduce the quality-of-service (QoS). For planning purposes, it is desirable

to understand the impact of indoor illumination changes on performance.
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A considerable amount of research has been published on communication
over photon counting channels (see e.g. [73, 74, 75, 76, 77, 78, 79]). However,

this chapter builds upon the following research work:

In [80], the authors studied the BER performance of OOK, when noise
photon counts were known and signal photon counts were estimated from
pilot symbols, from which the threshold of OOK was estimated. This thesis
takes a different approach: the performance of OOK is studied in terms
of capacity, photon-efficiency, and BER, when noise photon counts deviate
from an assumed value. Once noise photon counts deviate from an assumed
value, the decision threshold of OOK could be set to a suboptimal value, and
thereby impair performance. Though pilot symbols can be used to estimate
noise photon counts, there will be measurement uncertainties in practice.

Therefore, the exact value of noise photon counts may not be perfectly known.

In [81], the capacity of OOK and M-ary pulse position modulation (M-
PPM) were studied, in which the duty cycle of OOK was restricted. This the-
sis expands upon this work by considering hard-decision demodulation with
no constraint on the duty cycle of OOK. Although hard-decision demodula-
tion is suboptimal, it is an attractive scheme for high-speed communication

systems, such as VLC, as it has a low complexity.

In [82], the performance of OOK and M-PPM were compared by consid-
ering an ideal channel, that is, a channel in which a receiver is limited by

shot noise due to the Poisson statistics of photon arrivals. This thesis extents
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this work by considering a non-ideal channel, where a receiver is subjected

to shot noise, dark counts and background noise.

3.2 System Model

The transmitter sends photons, and receivers count the number of photons,
k, which arrive according to a Poisson distribution. The probability that &

photons are observed by the receiver when the intensity modulator is off is

given by
Ab
P (ko) = 22, (3.1)
and when it is on
As + \)F
Prix (k|1) = ue_(AS”LA"), Ao, \n ERS, k€N, (3.2)

k!

where )4 is the average number of signal photons per slot, and A, is the
average number of noise photons per slot due to ambient noise and dark

counts.
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Ambient light
Dark counts Photon
LED counts
Input —»| (Modulator) »> — Counter — —» - —— Output
PAD
(Photso detector) Threshold demodulator

Figure 3.1: Block diagram of optical communication system with OOK.

For the OOK system, shown in Figure 3.1, let discrete RVs X, K, and
X denote the system input, the number of photons detected, and the output
of the demodulator, respectively. Here, X takes on values from the set X =

{0,1} with a priori probabilities Px(0) and Px(1).

At the receiver, a maximum a posteriori probability (MAP) demodula-
tor is used to estimate the transmitted symbol; by which if & photons are

observed, the input is estimated according to

T = arg max Py x (k|z) Px (), (3.3)

this produces an output alphabet X = {0,1} and the following crossover

probabilities specified by the channel probability transition matrix

Py x(0[0) Py x(1[0)
PX|X(0|1) PX|X(1|1)

For the M-PPM system, shown in Figure 3.2, let discrete RV U denote

P = (3.4)

the system input, which is uniformly distributed over &4 = {0,1,..., M —1}.
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Ambient light

Dark counts Photon

counts

Input —» M-PPM | LED > —» Counter o MFPPM — Output
Encoder (Modulator) Demodulator p
SPAD
(Photodetector)

Figure 3.2: Block diagram of optical communication system with M-PPM.

Here, M is the PPM modulation order, which takes a value from the finite
set M ={2"n<m and n,m € NT} and 2™ is the maximum modulation
order of the system. The number of photons observed in a received M-PPM

symbol can be written as

k = (ko, k1,..., ky1) € NY, (3.5)

where k; is the number of photons detected in ith slot. The distribution of the
number of photons in each slot is given by (3.1) if the observation is during a
non-signal slot, otherwise the distribution is given by (3.2). The sequence of
photon counts k, (3.5), is then passed to a hard-decision demodulator, which

estimates the transmitted symbol according to

U = arg max k; . (3.6)

This hard-decision demodulator selects the slot with the most photon counts
as the transmitted signal slot. In case of a tie, the demodulator randomly
selects a slot among those with the most photon counts. If no photons arrive

in an M-PPM symbol, i.e., an erasure occurs, the demodulator randomly
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chooses one of the M-PPM slots. Accordingly, the output RV U takes on
values from the set U = {0,1,...,M — 1}. This channel is an M-ary in-
put M-ary output channel, which can be described by the following channel

probability transition matrix

PUlU(O|O) PU\U(1|O) ce PU|U(M - 1]0)
T — PU|U‘(0|1) PUU'<1‘1> cee PU|U(]W‘ — 1[1) . (3.7)
Pow(OIM — 1) Py (1M —1) ... Pyy(M — 1M —1)

where, each row of T represents the conditional pmf of the output given a

specific value of the input.
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3.3 Analysis

3.3.1 Performance

Capacity: In this section, the capacity of a SPAD-based receiver with OOK

and M-PPM signalling constraints is studied.

The MAP rule in (3.3) compares the weighted conditional probability
Py x (k|0)Px (0) with Pgx(k|1)Px(1) to make a binary decision. Treating k&
as continuous, the argument 7 of the OOK threshold |7] is defined as the

value of k at which

Prx(7]0) Px (0) = Py (71) P (1); (3.8)

substituting (3.1) and (3.2) into (3.8), and taking the natural logarithm of

both sides yields

A +<1n< %) 50)

Using (3.9), one can compute the transition probabilities of (3.4) as follows

T =

L7

Pgx(O1) = > Prix(k[1), (3.10)

Pgx(10) = > Prix(k|0), (3.11)
k=|7|+1

Pyix(0[0) = 1 — Pg(1]0), (3.12)

PX\X(HU = 1_PX|X(O’1); (3.13)
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from which we can obtain the marginal distribution
B) =) Pgx(&z)Px(x). (3.14)
TeEX
The capacity of the OOK system, C,, is given by
C, = max I(X; X) (bits/slot); (3.15)

Px (z)

here I(X X ) is the mutual information between RVs X and X, which can

be computed as follows

I(X;X)=H(X)— H(X|X) (bits/slot), (3.16)

where H(X) is the entropy of RV X, and H(X|X) is the conditional entropy

of X given X, and are given by

= =) Py(#)log, Py(#) (bits/slot), (3.17)

zex

H(X|X) == Px(x)>  Pgy(ilr)log, Py y (i) (bits/slot); (3.18)

rEX eX

substituting (3.17) and (3.18) into (3.16), yields

[(X; X) = Hy{Px(0) Py (010) + Px(1) Py (0[1)}

— PX(O)Hb{PX|X(1|0)} — PX(l)Hb{PX|X(0|1)} (bits/slot), (3.19)
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where Hy{-} is the binary entropy function defined as

Hy{p} = —plog, p — (1 — p)log,(1 — p).

Figure 3.3 shows numerical evaluations of the capacity of OOK, (3.15), and
its mutual information, (3.19), for various values of A;. In the numerical
results the value of the noise, \,, is set to 1.5. This value was measured
experimentally (Section 3.4.3). The discontinuities in 7(X; X) are due to the
step changes in the threshold as the threshold can only take discrete values.
An example to illustrate this is shown in Figure 3.4. When Ay increases |7 |
shifts from one integer value to another, (3.9); these transitions give rise to
the discontinuities in I(X; X ). In Figure 3.3, the capacity increases with A,
and occurs at various values of Px(1). The optimal input distribution, that
is, the capacity-achieving input distribution, is given by

A~

Py (x) = arglljr)l(z(auic) I(X; X). (3.20)
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Figure 3.3: Mutual information versus input probability for OOK.
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Figure 3.4: Threshold versus input probability.
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Figure 3.5: Optimal value of input probability for OOK versus number of
signal photons per slot.

Figure 3.5 shows numerical results of the optimal input distribution, (3.20),
as A\, varies. Here, the value of )\, is set to 1.5 as this value was mea-
sured experimentally (Section 3.4.3). In this plot, it can be seen that P% (1)
fluctuates at low values of Ay, since the channel is generally asymmetric,
Pgx(0[1) # Py x(1]0). However, as A; increases the channel becomes less
asymmetric, Py (0[1) & Pg (1|0), for which the capacity-achieving input

distribution approaches a uniform distribution, Py (z) = 3 Vo e X.
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An implication of using a hard-decision decoder in the photon-counting
regime, (3.3), is that there exists a value of Px(1) denoted by ¢, such that if
Px(1) > € then C, = 0 as Py(1) = 1; this occurs when

Py x(k|0)Px (0) < Pgix(k[1)Px(1) Vk. (3.21)
Letting k = 0 and solving for Py (1) in (3.21), yields the following condition

under which C, =0

1
Py(l) > —— & 3.22
X() 1—}-6_)‘5 € ( )

or equivalently, by the law of total probability,
Px(0)<1—e. (3.23)
The transition probabilities of PPM, (3.7), can be computed as follows

1—-P,, if u=u

P ’
m, 1fu7éu

Py (tfu) = (3.24)

where P, is the symbol-error probability!, given by [68]

> (k1)
— 2 Preix(k[1) (Frx (K|0)M = Frex (b = 110)M), A, >0, (3.25)
Py x (k[0)M

"Numerical evaluation of (3.25) for small values of Ps could be difficult as computers
represent numbers with a finite precision. For example, a computer running MATLAB®
would evaluate 1 — (1 — 1073°) as zero. See [83, 84] for methods to overcome this issue.
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and here Fk|x(k|0) is the cumulative-mass function of (3.1)

k .
)\ e—)\n
Frx (k[0) =)~ ==

7!
i=0

Referring to (3.7) and noting (3.24), this channel is symmetric as all rows of
the channel probability transition matrix T are permutations of one another,
and likewise for the columns. The capacity of this M-ary symmetric channel
is achieved by a uniform distribution on the input alphabet [85], Py(u) =

1
i Vu € U, and is given by [86, 87|

C,= % (1og2 M + (1 — P,)logy(1 — P,) + P,log, (Mpi 1)) (bits/slot).

(3.26)
Figure 3.6 shows some numerical evaluations of (3.15) and (3.26). In these
numerical results, the value of A, is set to 1.5 as this value was measured
experimentally (Section 3.4.3). The average number of received photons is
f= A P% (1) for OOK and i = % for PPM. At low values of fi the capacities,
C, and C,, increase with fi. At high values of fi, the capacity of OOK and
PPM saturate, and OOK has an improved performance over PPM due to the
following reasons: at high values of i the error probabilities of OOK become
Py x(1]0) = 0 and Py|x(0|1) ~ 0, and from (3.15) and (3.19) the capacity
of OOK can be approximated as C, =~ 1. However, at high values of ji the

symbol-error probability of PPM P, 2 0, and (3.26) can be approximated as
log, M < 1
M T2

C, ~
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Figure 3.6: Capacity of OOK and PPM versus average number of received
As
photons. Here, i = A;P%(1) for OOK, and i = M for PPM.
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Photon-Efficiency: For OOK the photon-efficiency is given by

Q

po = — (bits/photon), (3.27)
i
and for PPM it is given by
c, ..
p, = — (bits/photon). (3.28)
i

Figure 3.7 shows some numerical evaluations of (3.27) and (3.28). Here, the
value of )\, is set to 1.5 as this value was measured experimentally (Sec-
tion 3.4.3). At low values of fi the capacity of OOK and PPM improves
with i, but simultaneously the average number of received photons per slot
increases. The overall effect is an increase in p, and p, with . However, at

high values of i the capacity of OOK and PPM become approximately con-

log, M
stant, C, =~ 1 and C, = O%\Z . As a result, from (3.27) and (3.28), OOK
has an improved performance over PPM since its photon-efficiency decreases

log, M - 1
Mp — 2i

1
as —, whereas the photon-efficiency of PPM decreases as
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Figure 3.7: Photon-efficiency of OOK and PPM versus average number of
received photons.
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Bit-Error Probability
For OOK the BEP can be expressed as
P, => ) Py (&x)Px(x); (3.29)

reX
zex P

using (3.10) and (3.11), the preceding can be explicitly written as

||
P, = Px(0 Z Prx (k[0) + Px(1 me k|1),
k=|7]|+1

and the BEP of PPM is given by [68]
M

P=-——— P,
P oM —1)°

(3.30)

(3.31)

Figure 3.8 shows the BEP performance of OOK and PPM. The value of

A here is set to 1.5 as this value was measured in our experiment. PPM has

an improved performance over OOK; however, the trade-off made for this

M
improvement is an increase in the signal photons, Ay, by a factor of TR
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Figure 3.8: Bit-error probability of OOK and PPM on a Poisson channel.
All modulation symbols are equiprobable.
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3.3.2 Impact of Noise Deviation on Performance

Here, the performance of OOK and PPM is investigated, when the noise
intensity deviates from an assumed value. Let A, be the assumed value of
the noise, by which the threshold of OOK and modulation order of PPM are

set according to

A+ In (B9)
7] = Pf(l) : (3.32)
In (1+3)
and
M = arg max Cp(M, Xg, Ao), (3.33)

respectively. The threshold, (3.32), is obtained by substituting A, in lieu of
An in (3.9). The modulation order search in (3.33) is performed by replacing
An in (3.26) with A,, setting Ay = M [z, and varying the value of M. The value
of M, denoted by M, that maximizes C, is selected as the PPM modulation

order.

OOK with Noise Deviation

The BEP of OOK in this setting can be obtained by replacing | 7] in (3.30)
by [7], (3.32); this yields
L7)

P, = Px Z Prepx (k]0) + Py (1 ZPM K. (3.34)
k=|7]+1

In the following, P%(z) is obtained by substituting A, in lieu of A, in (3.20).
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Accordingly, (3.32) becomes
As +In (P’:‘(O)>
|7] = SSAE (3.35)
In (1 + i‘—;)

using the above one can compute the transition probabilities of OOK as

follows

L7]

Py (0]1) = ZPK|X(k|1), (3.36)
k=0

Pgx(10) = > Prix(k|0), (3.37)
k=|7]+1

Py (0[0) = 1— Pg (1]0), (3.38)

Pgx(1]1) = 1= Pg(0]1), (3.39)

Referring to (3.19) and using (3.36)-(3.39), we get the information rate of
OOK

[(X; X) = Hy{P5(0) Py (00) + Px (1) Py x (0[1)}

— P3(0)Hy{Pgy(110)} = Px(1)Hy{ P x(0]1)} (bits/slot). (3.40)
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Figure 3.9: Bit-error probability of OOK when noise deviates from an as-
sumed value (A, = 1.5). Here, stochastic resonance is most apparent when
i = 1. All modulation symbols are equiprobable.

From (3.40) we can obtain the photon-efficiency

I[(X; X
Po = g (bits/photon). (3.41)
[

Figures 3.9, 3.10, and 3.11 show numerical evaluations of (3.34), (3.40),
and (3.41), respectively. In these numerical results the value of A, is set to
1.5 as this value was measured experimentally (Section 3.4.3). The higher the
value of i the better the performance of the system is in terms of BEP and
information rate. However, this is not necessarily the case for the photon-
efficiency (Figure 3.11). For example, at low values of A, the system has a
higher photon-efficiency when j© = 1 than when g = 10. This is because
at high values of fi, I(X - X ) saturates, and the photon-efficiency, (3.41),

decreases as —.
i
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Figure 3.10: Mutual information of OOK when noise deviates from an as-
sumed value (A, = 1.5). Here, stochastic resonance is most apparent when

=1

Additionally, there is an increase in I (X; X ) and p,, and decrease in P,
as A\, increase. That is to say, the performance of the system temporarily
improves with noise. The intuitive explanation for this is the following: when
the actual value of the noise, \,, approaches its assumed value, A,, less
errors occur as the threshold approaches its optimal value (i.e., |T| — |7] as

An = Ao). As a result, system performance improves. This effect is known

as stochastic resonance [88].
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Figure 3.11: Photon-efficiency of OOK when noise deviates from an assumed
value (A, = 1.5). Here, stochastic resonance is most apparent when i = 1.

PPM with Noise Deviation
Similar to (3.25); using (3.33) the symbol-error probability of PPM in this
setting is

~ = Pgx(k[1)

Po=1-S K (F v (K|0)Y = Frxe(k —1)0)M), A, > 0.
Py (k|0) M ( | | )

(3.42)

Using (3.42) with (3.33) and noting (3.31) one can obtain the BEP of PPM

~ M ~
pp=—— P (3.43)
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Figure 3.12: Bit-error probability of PPM versus noise on a Poisson channel.
The PPM modulation order, M, is chosen by using (3.33). All modulation
symbols are equiprobable.

The capacity of PPM here can be obtained by substituting (3.33) and (3.42)

into (3.26); this yields

.1 - . N P
C,= i (log2 M + (1 — P,)logy(1 — P;) + P;log, (M—sl)> (bits/slot).
(3.44)

From the above one can obtain the photon-efficiency of PPM
Gy .
p, = — (bits/photon). (3.45)
I

Figures 3.12, 3.13, and 3.14 show numerical evaluations of (3.43), (3.44),

and (3.45), respectively. Here, the value of A, is set to 1.5 as this value was
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Figure 3.13: Capacity of PPM versus noise. The PPM modulation order, M,
is chosen by using (3.33).

measured in our experiment. In our numerical results the modulation order of
PPM, M, was set according to (3.33), which yields M = 8 for fi = 0.1, and 1.
For fi = 10, (3.33) yields M = 4. M = 2 was not chosen as it achieved the

least capacity.
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Figure 3.14: Photon-efficiency of PPM versus noise. The PPM modulation
order, M, is chosen by using (3.33).
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Relative Performance

Absolute quantities such as capacity, photon-efficiency, and BEP, can be used
to assess the performance of modulation schemes. However, the gain of using
a modulation scheme over another when the noise deviates can be revealed

by considering the relative information rate, given by

A (3.46)

and the relative BEP
P,
Pp

in the above equations we have used (3.34), (3.40), (3.43), and (3.44). As

the noise decreases A and I' approach a constant value

31 (H{PL(1)(1 = Pyix (011))} — Py (D Hy{ Prix (O11)})

0= Aiigclﬁr A= ~ v M—1 ~ 7
logy, M — Hb{%e—/\s} 7 e~ s logy (M — 1)
(3.48)
and
L7] Ak
DL Jim T = 2Px (1) ]; o (3.49)

Here, © and ® represent the maximum gain (or loss) of OOK over M-PPM
at low noise intensities. Figure 3.15 shows some numerical results of (3.46).
PPM yields a higher gain than OOK in terms of information rate. However,

at low values of \,, OOK has a higher gain than PPM when g = 10. Since
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Figure 3.15: Relative information rate of OOK to PPM as noise deviates
from an assumed value. The PPM modulation order, M, is chosen by using
(3.33).

the loss due to the threshold being at a suboptimal value, | 7], is compensated

by the high value of /.

Figure 3.16 shows some numerical results of (3.47). PPM has a higher
BEP gain than OOK. This is due to the following reasons: a) for a given
value of i, PPM has a higher number of photons/slot than OOK; explicitly,
by a factor of %)\s b) the threshold of OOK is fixed at |7], which causes

the BER of OOK to increase when noise deviates.
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Figure 3.16: Relative Bit-Error Probability of OOK to PPM as noise deviates
from an assumed value. The PPM modulation order, M, is chosen by using

(3.33).
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3.4 Experiment

The aim of this section is to experimentally investigate the performance of

OOK and PPM, when noise deviates. Two main experiments are conducted:

e (Case I: this experiment investigates the performance of OOK and PPM,

when room illumination increases.

e Case II: this experiment investigates the performance of OOK and

PPM, when room illumination decreases.

Before these two main experiments were conducted, an initial experiment
was carried out to determine the threshold of OOK. An example to show
how the threshold is obtained is provided in Section 3.4.2. This was followed
by an initial run of the experiment to attain a BER of 1073, Figure 3.17 and

Figure 3.18 shows the experimental apparatus.
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Figure 3.17: Apparatus: (A)Transmitter (in-house built), (B) Pulse gener-
ator (HP B11304), (C) Oscilloscope (Agilent MSO6104A), (D) Interference
filter (Thorlabs FB650-40), (E) SPAD (SensL PCDMini0020).
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Figure 3.18: SPAD (SensL PCDMini0020).
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3.4.1 Experimental Apparatus and Methods

Figure 3.19 shows block diagrams of the experimental setup. The apparatus
consists of a PC, a pulse generator, an LED, a SPAD, and an oscilloscope.

The pulse generator drives an LED that illuminates a SPAD at the re-
ceiver. An interference filter placed in front of the SPAD is used to reduce
noise photons caused by ambient light. Specifications of the filter with a
summary of the experimental parameters are listed in Table 3.4. Once a
photon is detected by a SPAD a pulse, called a photon-pulse, is generated
and subsequently captured by an oscilloscope. Figure 3.20 shows an input
signal to the LED and the output photon-pulses captured by the oscilloscope.
The output of the oscilloscope is fed to a photon counter that is implemented
on a PC.

In the experiment, input bits for the OOK and PPM system were ran-
domly generated offline by a PC. For OOK, input bits were directly fed to a
pulse generator, whereas for PPM an encoder that is implemented on a PC
is used to map input bits into an M-PPM codeword (Table 3.1, Table 3.2,
and Table 3.3 provide examples). PPM codewords were then passed to a
pulse generator. The output of the photon counter is passed onto an OOK
or M-PPM demodulator. Both demodulators are implemented on a PC.
Flowcharts of software used in the experiments are presented in Appendix A.

The experiment was carried out in a room illuminated by white fluorescent
light (~ 50 lux). The arrival-time of a photon is determined by the rising edge
of a photon-pulse, which is depicted in Figure 3.20(b). In the experiment, an

optical power-meter was used to estimate the intensity falling on a SPAD.
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Figure 3.19: Block diagrams of experimental setup. (a) OOK, (b) PPM.
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Table 3.1: Codebook for 2-PPM
Bits Codeword
0 10
1 01
Table 3.2: Codebook for 4-PPM
Bits Codeword
00 1000
01 0100
10 0010
11 0001
Table 3.3: Codebook for 8-PPM
Bits Codeword
000 10000000
001 01000000
010 00100000
011 00010000
100 00001000
101 00000100
110 00000010
111 00000001
Table 3.4: Experimental parameters
Parameter Value
Centre wavelength of LED ~ 640 nm
Slot duration 2 usec
Centre wavelength of interference filter ~ 650 nm
FWHM! of interference filter ~ 40 nm
Transmittance of interference filter ~ 70%
Active area of SPAD ~3.14 x 10719 m?
DCR2of SPAD ~ 130 Hz
Dead time of SPAD ~ 97 nsec
PDP3of SPAD at 640 nm ~ 14.5%

IFull width at half maximum. 2Dark count rate.

3Photon-detection-probability.
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Figure 3.20: Signals recorded by the oscilloscope: (a) Input signal to LED,
(b) Response of SPAD.
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3.4.2 OOK Threshold Setting

The aim of this section is to illustrate how the threshold of OOK can be ob-
tained experimentally. Figure 3.21 shows an example of histograms obtained
by experiment. The histograms were obtained by sending 30,000 randomly
generated bits; at this value the threshold of OOK was constant. The thresh-
old of OOK was determined by the following method: the greatest number of
photon counts for which the experimental histogram of transmitting binary
zero is greater than that of binary one, was chosen as the threshold. This is

illustrated in the inset of Figure 3.21.

035 T T T T T T T T T T T
——o Experimental histogram when binary zero is transmitted (LED: off )
0.3 - —* Experimental histogram when binary one is transmitted (LED: on ) J
*
0.25+ Threshold I -
I
B ® )
: f £ 0.01 T
g 0. I I
% 0.21 g . b
3 o) g (I
& * 1 1 I
g < 0.005 ) | | |
= 0.15- ] 1 1 1 1 -
2 ° z ? I o
< < oL 0} ¥ oo | |
= - 9 10 [ T T
L Photon Counts ! ! ! ! _
0.1 10ton: Lounts | | | ,
I I I (-
I I I I |
* I I I I
0.0% I I I I I I *
I I I I I I
I I I I I I
I ¥ o I I I I (-
R R R N M A B
0O 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Photon Counts

Figure 3.21: Threshold of OOK determined from experimental histograms.
In the inset it can be seen that the greatest number of photon counts for which
the histogram of transmitting binary zero is greater than that of binary one
is at 9.
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3.4.3 Experimental Results and Discussion

The aim of this section is to examine the performance of OOK and PPM when
noise deviates. In the initial state, the threshold of OOK and modulation
order of PPM are set. In the final state, room illumination is switched from
off to on, or vice versa. After this transition, the performance of OOK and

PPM are inspected.

Case I: Off to On

An initial run of the experiment was carried out to attain a BER of 1073,
This was accomplished by varying the intensity of the LED light source until
a BER of 1072 was achieved. 3 x 10* bits were sent for OOK and PPM in

the initial and final state.

In the initial state, the room illumination was off, the target BER was
1073, and \, was measured to be ~ 2.6 x 10~* (photons/slot). In the final
state, the room illumination was turned on. The room illumination incident
on the optical filter was measured to be ~ 50 lux. This illumination level

corresponds to A, ~ 1.5 (photons/slot).

Table 3.5 summarizes the experimental results and compares it with the-
ory. Histograms for this experiment are shown in Figure 3.22. The threshold
of OOK was 3 in the initial state. This was obtained by the method described

in Section 3.4.2.
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Table 3.5: Case |
Initial state: off Final state: on
Power! Al BER* BEPT BER* BEP?

OOK  ~68 ~128 ~107% 19x107° ~51x1072 22x107"
2-PPM  ~45 ~84 ~107% 11x107* ~1.0x1072 3.7x107?
4-PPM  ~22 ~82 ~107% 14x10* ~27x107% 71x107?
8PPM ~11 ~81 ~107% 15x107* ~42x107% 1.2x 1072

Power incident on the SPAD in pico-Watts. ¥ is the experimental average number of
signal photons per slot. BER* is the experimental bit-error rate. BEPT is the bit-error
probability (theoretical BER).

In Table 3.5, BEP is the bit-error probability (theoretical BER). BEP for
OOK in the initial state is calculated from (3.30) with \, = 2.6 x 107*, and
Px(0) = Px(1) = % In the final state, BEP is calculated from (3.34) with
An = 1.5, and Px(0) = Px(1) = % For PPM, the BEP can be calculated
from (3.31) or (3.43) with A, = 2.6 x 10™* in the initial state, and \, = 1.5

in the final state.

The BER for OOK and PPM increased significantly, when the room il-
lumination was turned on. This is due to the increase in \,. An additional
factor that caused the BER of OOK to increase was that the threshold was
at a suboptimal value, when the room illumination was turned on. This is
illustrated in Figure 3.22(b). The optimal threshold in the final state is 5.
However, when the room illumination was turned on A, increased, yet the
threshold remained at its initial setting, 3. This suboptimal threshold, be-
sides the increase in \,, caused the BER of OOK to rise. The reasons for
discrepancies between theory and experiment will be discussed later in this

section.
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Figure 3.22: Experimental histograms of the photon counts (Case I). (a) In
the initial state, the room illumination was off and the optimal threshold
was 3. (b) In the final state, the room illumination was turned on. The
experimental histograms changed in this state, and the threshold remained
at its initial setting of 3. An optimal threshold in this state would be 5.
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Case II: On to Off

An initial run of the experiment was carried out to attain a BER of 1073,
This was accomplished by varying the intensity of the LED light source until
a BER of 1072 was achieved. For OOK, 3 x 10* bits were sent in the initial
and final state. For PPM, 3 x 10* and 3 x 10° bits were sent in the initial

and final state, respectively.

In the initial state, room illumination was on, and the target BER was
1073, The room illumination incident on the optical filter was ~ 50 lux, and
An was measured to be ~ 1.5 (photons/slot). In the final state, the room

llumination was turned off.

Table 3.6 summarizes the experimental results and compares it with the-
ory. Histograms for this experiment are shown in Figure 3.23. The threshold
of OOK in the initial state was 7. This was obtained by the method described

in Section 3.4.2.

In Table 3.6, BEP for OOK in the initial state is calculated from (3.30)
with A, = 1.5, and Px(0) = Px(1) = % In the final state, BEP is calculated
from (3.34) with A, = 2.6 x 10~%, and Py (0) = Px(1) = % For PPM, the
BEP can be calculated from (3.31) or (3.43) with A, = 1.5 in the initial state,

and )\, = 2.6 x 10~ in the final state.

The BER for OOK increased, when the room illumination was turned off.
This is due to the threshold being at a suboptimal value. This is illustrated in

Figure 3.23(b). In the final state, the optimal threshold is 4. However, when
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Table 3.6: Case 11
Initial state: on Final state: off
Power! Al BER* BEPT BER* BEP?

OOK  ~131 ~244 ~107% 34x107° ~15x107? 57x107°
2-PPM ~73 ~137 ~107% 92x107° ~63x107% 5.6x 1077
4-PPM  ~44 ~164 ~107° 24x107° ~4.0x107% 3.8x107®
8PPM ~23 ~173 ~107% 23x10° ~53x107% 1.6x107®

Power incident on the SPAD in pico-Watts. ¥ is the experimental average number of
signal photons per slot. BER* is the experimental bit-error rate. BEPT is the bit-error
probability (theoretical BER).

the room illumination was turned off, the threshold remained at its initial
setting, 7. This caused the BER of OOK to increase. The BER of PPM

improved, when the room was illumination was turned off as A\, decreased.

Theory and experiment do not agree. However, they show similar trends.
The reason for the discrepancy between them is the following: the mathe-
matical models in Section 3.3 do not fully reflect the behaviour of a SPAD.
In practice, SPADs have dead times. Figure 3.24 provides an illustration to
show the effect of dead time on the detection of photons. The dead time limits
the number of photons that can be detected, and propagates into subsequent
time slots. These factors are not captured by the theoretical predictions.

This causes a discrepancy between theory and experiment.

71



CHAPTER 3. COMMUNICATION OVER NOISY VLC CHANNELS
WITH SPADS

0.4 T T T T T T T T T T T T T T T

q:f ——o Experimental histogram when binary zero is transmitted (LED: off )
Q
% 0.3r — — Experimental histogram when binary one is transmitted (LED: on ) |]
g
= * X i
= 0.2» Optimal ¥ ‘ ‘ Initial state: room illumination on
g threshold A
2 0.1 * 00 R
et [
= I S T e N
0 S A S S S SR S S S S S G SN S
0 1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

(a) Photon Counts

1 T T T T T T T T T T T T T T T
gw —o Experimental histogram when binary zero is transmitted (LED: off )
@ 0.8 — — Experimental histogram when binary one is transmitted (LED: on ) ]
=
jop
& 0.6r ) ) i
= Optimal Suboptimal Final state: room illumination off
"g) 0.4- threshold threshold i
j=]
%
g0.2- % .
= T oo 0

Ot & & & & & & & L & & & & & 5 & 4 & o

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

(b) Photon Counts

Figure 3.23: Experimental histograms of the photon counts (Case II). (a)
In the initial state, the room illumination was on and the optimal threshold
was 7. (b) In the final state, the room illumination was turned off. In this
state, the experimental histograms changed, and the threshold remained at
its initial setting of 7. An optimal threshold in this state would be 4.
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——— Duration of dead time
®  Photon arrival event detected
O  Photon arrival event undetected

First time slot Second time slot

Figure 3.24: An illustration to show the effect of dead time on the detection of
photons. Here, T" and d denote the slot and dead time duration, respectively.
In the first time slot, photon arrival events 1, 2, 4, and 7 are detected.
However, photon arrival events 3, 5, and 6 are undetected as they lie within
the dead time initiated by a previously detected photon. In the second time
slot, only photon arrival event 8 is undetected as the dead time initiated by
photon arrival event 7 propagates into the second time slot. The maximum
number of photons that can be detected within a time slot is (%W , where [-]

denotes the ceiling function.
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3.5 Conclusion

The performance of OOK can degrade considerably once room illumination
deviates from its assumed value. An increase or even a decrease in back-
ground illumination can impair the performance of OOK as its decision
threshold could be at a suboptimal value. PPM is a suitable modulation
scheme for indoor VLC systems as it is thresholdless, and therefore more

robust to fluctuations in background illumination.

A limitation of the analysis is that it examined the case when the dead
time of a SPAD is negligible. For an accurate analytical description of the
performance of a SPAD-based VLC system, this assumption needs to be
relaxed. Nevertheless, this work provides some insights into the performance

of SPAD-based systems in indoor environments.
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Chapter 4

Broadcasting to SPAD-based
Receivers with Multiresolution

PPM

Chapter Overview

This chapter describes a new scheme to improve throughput when SPAD-
based receivers with diverse capabilities share a common downlink channel.
The performance of the proposed scheme is first analyzed. Then, a proof-of-
concept experiment is performed to demonstrate the viability of the proposed

scheme.
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Chapter’s guide to notations: we denote the set of non-negative real num-
bers, [0,00), by Ry, the set of natural numbers, {0,1,2,...}, by N, and the
set of non-zero natural numbers, N\{0}, by N*. We use boldface fonts, e.g.,
a, to denote vectors and italic typeface, e.g., a, to denote scalars. The 7th
element in the jth tuple! of a vector is denoted as aé-. The following ex-

ample provides an illustration: a binary sequence (or vector) is denoted as

Oth tuple jth tuple
_ 0o 1 m 0 1 m ; .
a = (agy,ap,...,aq',...,a;5,a;,..., aj' ), where a € {0,1}, 4 € {0,1,...,m},
~—~

mth bit in the jth tuple
and m,j € {0,1,2,...}. In this example, the tuple is of size m, which is

commonly referred to as m-tuple.

The union of an ordered pair, (x,y), taken over a given parameter «, is
denoted by |J,,. For instance, let z = a, y = 1 — o, and 0 < o < 1; then the

union of (x,y) over « is the following straight line:

S= U {a1-a} (4.1)

{a: 0<a<1}
The symbol x denotes the Cartesian product. For example, let H = {1,2}
and T = {a, b} be two sets; then the Cartesian product of H and T is the
following set: H x T'= {(1,a),(1,b),(2,a), (2,b)}. We denote mapping from

one set to another as H — T

LA fixed size sequence of elements.
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4.1 Introduction

In the previous chapter it was shown that PPM is an attractive modulation
scheme for SPAD-based VLC systems as it is thresholdless. This chapter

further explores the use of PPM for broadcasting to SPAD-based receivers.

VLC can provide broad spatial coverage via diffused links (Figure 4.1). In
this configuration, light from a wide field of view transmitter scatters from in-
door surfaces [89, 90]. This expands coverage area and thus permits mobility
of receivers, as opposed to narrow beams of line-of-sight links. An advantage
of this system is that it allows a transmitter to broadcast information to

several receivers.
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Figure 4.1: Diffuse links in an indoor VLC system.
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Broadcasting to SPAD-based receivers is a challenging task as they may
have different PPM slot duration requirements. For instance, to attain a
given BER, a receiver with a large dead time may require a longer slot dura-
tion than a receiver with a small dead time as more photons can be collected
when the slot duration increases. An example to illustrate this is provided
in Figure 4.2. Broadcasting to receivers with different PPM slot durations
is problematic as a receiver with a long slot duration can reduce system
throughput. In this chapter, a new modulation scheme is proposed to im-

prove throughput when broadcasting to receivers with diverse slot durations.
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Duration of dead time
®  Photon arrival event detected
O  Photon arrival event undetected

Small dead time short slot duration o Time (a)

short slot duration T (2) (3) Time (b)

Large dead time

. [ ] Ti
long slot duration }—1’»2 344’—> ime (©)

2T 2T

Figure 4.2: An illustration to show the effect of dead time and increasing the
slot duration of PPM on the detection of photons. Here, T" and d denote the
slot and dead time duration, respectively. (a) Only photon arrival event 2 is
undetected as the dead time initiated by photon arrival event 1 propagates
into the second time slot. (b) Photon arrival event 1 is detected. Photon
arrival event 2 and 3 go undetected as they lie within the dead time initiated
by a previously detected photon. (c¢) This modulation scheme has the same
dead time as the previous modulation scheme. However, the slot duration is
longer. As a result, more photons are detected. Photon arrival events 1 and
4 are detected. Photon arrival event 2 and 3 are undetected as the dead time
initiated by photon arrival event 1 propagates into the second time slot.
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A simple broadcasting scheme is time-sharing. Figure 4.3 provides an
illustration of a time-sharing protocol, and Figure 4.4 shows an example of
time-sharing between PPM schemes. In this scheme, a transmitter sends
information to receiver-1 for a fraction a of the total broadcasting time,
and the remaining (1 — «) to receiver-2. In [91] it was shown that time-
sharing is suboptimal and more information can be sent by superimposing
information [85].

Transmitter

K
EN

ar

Receiver-1 Receiver-2

Figure 4.3: Broadcasting by time-sharing. Here, « is the fraction of the total
broadcasting time 7'.

To receiver-1 To receiver-2
)\ )\
I |

2-PPM 4-PPM
I P Y S A

I 1 ! I I 1 ! I I I 1
<_O’ 1 00 o1 10 11
T p)
- oT s (1-a)T "

Figure 4.4: Time-sharing between PPM schemes. Here, « is the fraction of
the total broadcasting time T'. T} is the slot duration of receiver-1, and T5
is the slot duration of receiver-2. T} < T5.
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In [92], the authors proposed multiresolution modulation schemes that
can superimpose information to receivers with different signal-to-noise ratios
(SNRs). Figure 4.5 shows an example of a multiresolution quadrature am-
plitude modulation (QAM) scheme. By this scheme a transmitter sends a
satellite point of a constellation to two receivers. A receiver with a low SNR
can only detect the clouds of the constellation, whereas a receiver with a high
SNR can detect the satellites within a cloud. As a result, more information
can be transmitted to two receivers by a single transmission of this multires-

olution modulation scheme, compared to time-sharing between two 4-QAM

schemes.
Im
Cloud 11 A Cloud 01 (to receiver with low SNR)
Satellite (to receiver with high SNR)
» Re
Cloud 10 Cloud 00

Figure 4.5: Multiresolution QAM.
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Exact BER expressions for multiresolution QAM and phase-shift keying
(PSK) (also known as hierarchical modulation) schemes have been found [93,
94, 95]. These multiresolution modulation schemes have been incorporated
in many standards, such as DVB-S2 [96], DVB-SH [97], and DVB-T [98].
Multiresolution modulation schemes are attractive when broadcasting im-
ages [99] and videos [100] as they can provide grades of quality. For instance,
when broadcasting an image to two receiver with different SNRs. A receiver
with a low SNR obtains a basic image quality as it can only decode the
cloud points of a multiresolution constellation (Figure 4.6). In contrast, a
receiver with a high SNR can obtain an enhanced version of the image as it

can decode satellite points of a multiresolution constellation (Figure 4.6).

Research to date focuses on studying multiresolution modulation schemes
for broadcasting to receivers with different SNRs. So far, however, there
has been little discussion about broadcasting to receivers with different time
slot durations. In this chapter, a new multiresolution modulation scheme is
proposed that can superimpose information when broadcasting to receivers

with diverse time slot durations.

Decision boundary for a receiver with a low SNR

................ Decision boundary for a receiver with a high SNR

Cloud (to receiver with low SNR)

Satellite (to receiver with high SNR)

Re

Figure 4.6: Example of a multiresolution constellation.
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4.2 System Model

A transmitter sends independent information to two receivers with different
PPM time slot durations. The PPM modulation order of receiver-1 is M,
while the modulation order of receiver-2 is N. Receiver-1 has a shorter time
slot than receiver-2, T} < T5. The transmitter sends photons during a PPM
signal slot and receivers count the number of photons that arrive, k, according

to a Poisson distribution

k

A
P(k|)\) = He**, keN\eRS, (4.2)

where A is the average number of signal photons per slot. The source of noise
in the system is shot noise, which is due to the random arrival of photons.
The receivers select the slot with photon as the transmitted signal slot. If
no photons arrive in a transmitted symbol, 7.e., an erasure occurs, receivers

declare an erasure event, &.

4.3 Proposed Scheme

Here we present the proposed M/N-PPM scheme. Let a and b denote the

binary sequences of receiver 1 and 2 at the transmitter, respectively

_ 0o 1 m 0 1 m
a = (ag, Ay, -, 00 5+, 05,5, ...,a;"),

b= (by,by,....b5,....09, b5, ... b,

VR R

ab, b € {0,1}, m =logy M, n =log, N; here i,j € N, and m,n € N,
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R R B B
|
+—>
T, = T_2 Subslot duration
_ R M
T = T, Slot duration
2
< N >
T, Symbol duration

Figure 4.7: General structure of an M/N-PPM symbol.

where a’ is the ith bit in an m-tuple, and similarly b} is the ith bit in an

n-tuple.

Figure 4.7 illustrates the general structure of an M /N-PPM symbol. Var-
ious M/N-PPM frames are provided in Appendix B. The symbol interval,
T, of M/N-PPM is divided into N time slots of duration T5. Each of the
N slots is further divided into M subslots of duration 7. An M/N-PPM
encoder maps a block of m bits from receiver-1 and n bits from receiver-2
to an M /N-PPM symbol. Based on the value of m and n, the transmitter
sends photons in one of the M N subslots. Receiver-2 counts the number of
photons in each slot, while receiver-1 counts the number of photons in each
subslot to determine the transmitted symbol.

More formally, the encoding and decoding process can be described as follows:

Encoder: The M/N-PPM encoder maps m-tuple of bits from receiver-1

and n-tuple of bits from receiver-2 into a codeword

{0,127 — 1 x {0,1,---,2" — 1} — X, (4.3)
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where X is the input alphabet of the channel.
Decoders: A decoder maps a received codeword into an m-tuple for

receiver-1, and an n-tuple for receiver-2

¢1:y1_>{071a"'72m_17g} (44)

¢2:y2_>{0’17‘__’2n_1’éa}’ (45)

where ¢ and ¢ are the decoders for receivers 1 and 2, respectively. ); and )»
are the output alphabets of the channel for receiver 1 and 2, respectively. The
output alphabets have an additional erasure symbol, &. This is due to the
erasure case, which occurs when no photons are detected in a symbol interval.

The probability of an erasure event, from (4.2), is Pr(&) = P(0|\) = e,

Example: Figure 4.9 shows an example of transmission. Here, the PPM slot
duration of receiver-2 is twice of that of receiver-1. In this example, a 2-
PPM scheme is used for transmission to receiver-1, and an 4-PPM scheme
for receiver-2. The transmitted bits are aj = 1, and bb; = 10 to receiver-1
and receiver-2, respectively. The transmitter uses a multiresolution 2/4-PPM
frame, and sends a photons in the depicted subslot in Figure 4.9. Receiver-
1 counts the number of photons in each of the 8 subslots of the 2/4-PPM
frame, while receiver-2 counts the number of photons in each of the 4 slots
of the 2/4-PPM frame to determine the transmitted information. The 2/4-
PPM scheme superimposes the message intended for receiver-1, a? =1, on
the message, b%b! = 10, intended for receiver-2.

7))
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2/4-PPM

00 01 10 11

Ti Subslot duration
—>
75 Slot duration

<&
>

7§ Symbol duration

Figure 4.9: Example of transmission using a 2/4-PPM scheme. The transmit-
ted bits are af = 1, and b}b; = 10 to receiver-1 and receiver-2, respectively.
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4.4 Analysis

The capacity of a Q-ary PPM scheme over a Poisson channel is given by [81],

C=(1-eMhQ nats/symbol, (4.6)
or equivalently?
1 — -
c-U=g bits/symbol. (4.7)
log, e

A channel symbol is transmitted every MT; seconds to receiver-1, when an

M-PPM scheme is employed. Accordingly, from (4.7), its capacity is

(1 —e)

Ci=—F+7—-
! MT log, e

In M bits/sec. (4.8)

where A\; is the average number of signal photons per slot for receiver-1.
When using the proposed scheme, an M /N-PPM symbol is transmitted every

Ty M N seconds. This results in the following capacity of receiver-1

(1—e™)

Cp=—
27 MNTlog, e

In M bits/sec. (4.9)

Likewise, the capacity of receiver-2 is

(1—e?2)

Ch= ——
>~ MNTlog,e

In N bits/sec. (4.10)

where Ay is the average number of signal photons per slot for receiver-2.

When time-sharing is used for broadcasting, a fraction « of the total broad-

20ne nat is equal to log, e bits ~ 1.44 bits
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casting time is allocated to receiver-1 and the remaining (1 —«) to receiver-2.

This transmission protocol achieves the following rate pairs

Crs= |J {Ri=aCRy=(1-0a)C}, (4.11)

{a: 0<a<1}

where R, and R, are the data rates of receiver 1 and 2, respectively. Fig-
ure 4.10 shows the capacity region of time-sharing. It can be seen that
time-sharing increases the rate of one receiver at the expense of reducing the

rate of the other.

R . (bits/sec) Time-sharing between
A M/N-PPM and M-PPM
0o M/N-PPM, 3 = 0
C, 4 / B/ Time-sharing between

M-PPM and N-PPM

a=1

B=1
C
/ > R, (bits/sec)
1

A C

Figure 4.10: Capacity region.

However, the proposed scheme enables the transmitter to communicate to
receiver-1 and receiver-2 simultaneously. This yields a larger capacity region
than time-sharing as information is superimposed to receiver-1 at a rate of
Ca. Figure 4.10 provides a comparison between traditional time-sharing and
the proposed scheme. Data rates on the line segment AC can be achieved
by time-sharing M-PPM with N-PPM. Point B marks the simultaneous

data rates that can be obtained by using the proposed M/N-PPM scheme.
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Figure 4.11 shows an example of transmission at point B. Data rates on the
line segment BC' can be attained by time-sharing M /N-PPM with M-PPM.
An example of transmission along this line is shown in Figure 4.12. Data rates
on the line segment AB occur when M/N-PPM is used, and the amount of
information to receiver-1 is varied. The following rate pairs characterize the

achievable rates of the proposed scheme

Cs= |J {Ri=8C+(1-pB)Ca Ry=(1-pB)Cs}, (4.12)
{B: 0<B<1}

where [ is the fraction of the total broadcasting time of receiver-1 when

M/N-PPM is time shared with M-PPM.

Simultaneous transmission to receiver-1 and receiver-2

Ts

T

Figure 4.11: Transmission via a multiresolution 2/4-PPM scheme. Here, T}
is the subslot duration, T, is the slot duration, T is the symbol duration,
and T is the total broadcasting time.
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Simultaneous transmission to receiver-1 and receiver-2 To receiver-1

\ \
{ 2/4-PPM I |

2-PPM
I T T T I T S I
o 1To 1T0o 1To 11 Fo 1To 1To 1To 11 ol 1 L
00 01 10 11 00 01 10 o
> 1
T
—>
g
Ts
(-8)1 BT

Figure 4.12: Time-sharing between 2/4-PPM with 2-PPM. Here, T} is the
slot /subslot duration, T; is the slot duration, Ty is the symbol duration, and
[ is the fraction of the broadcasting time T of receiver-1.
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4.5 Experiment

The aim of this section is to demonstrate viability of the proposed M /N-PPM
scheme. A proof-of-concept experiment is conducted, in which an M/N-
PPM scheme is used for broadcasting to two receivers equipped with SPADs
and with different slot durations. Figure 4.13 and Figure 4.14 shows the

experimental apparatus.

Figure 4.13: Apparatus: (A) Transmitter (in-house built), (B) Pulse gen-
erator (HP B1130A), (C) Oscilloscope (Agilent MSO6104A), (D) SPAD-1
(SensL PCDMini0020), (E) SPAD-2 (Designed by Ozford MCAD Research

Group).
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Figure 4.14: (A) SPAD-1 (SensL PCDMini0020), (B) SPAD-2 (Designed by
Ozford MCAD Research Group).
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Cone of Illumination

LED [ -

Pulse Generator

e— Input-1

M/N-PPM
Encoder

<— Input-2

Figure 4.15: Schematic of the experimental setup.

4.5.1 Experimental Apparatus and Methods

(Lspap- |

SPAD-2

Oscilloscope

Output-1 <=

Decoder-1 f«=| Demodulator-1 [ Photon
Counter-1

le—| Demodulator-2 [<= Photon

Counter-2

Output-2 <= Decoder-2

Figure 4.15 shows a block diagram of the experimental setup. The apparatus

consists of a PC, a pulse generator, an LED, two SPADs, and an oscilloscope.

The pulse-generator drives an LED that illuminates two SPADs. Speci-

fications of the SPADs and the experimental parameters are summarized in

Table 4.1. Photons detected by SPADs generate pulses, called photon-pulses,

which are captured by an oscilloscope. Figure 4.16 shows an input signal to

the LED and the photon-pulses captured by the oscilloscope. The output of

the oscilloscope is passed to a photon-counter that is implemented on a PC.
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Table 4.1: Experimental parameters

Parameter Value
Centre wavelength of LED ~ 640 nm
Slot duration (753) 4 psec
Slot /subslot duration (77}) 2 usec
Symbol duration (7%) 16 psec
Active area of SPAD-1 and 2 ~ 3.14 x 10710 m?
Average DCR'of SPAD-1 ~ 230 Hz
Average DCR of SPAD-2 ~ 3.70 kHz
Dead time of SPAD-1 (non-extensible) ~ 97 nsec
Dead time of SPAD-2 (extensible) ~ 103 nsec
PDP?of SPAD-1 at 640 nm ~ 15%
PDP of SPAD-2 at 640 nm ~ 20%

I'Dark count rate. 2Photon-detection probability.
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Figure 4.16: (a) Input 2/4-PPM signal to LED, (b) Response of SPAD-1, (c)
Response of SPAD-2.
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In the experiment, input bits for receiver-1 and receiver-2 were randomly
generated, and encoded, offline by a PC. The encoder maps input bits to
an M/N-PPM symbol. The photon-counter of receiver-1 counts the num-
ber of photons detected in each subslot of an M /N-PPM symbol, while the
photon-counter of receiver-2 counts the number of photons detected in each
slot of an M/N-PPM symbol. The output of the photon-counter is fed to
a hard-decision demodulator, which estimates the transmitted M/N-PPM
symbol. The slot/subslot with the most number of photon counts is chosen
as the transmitted signal slot /subslot by the demodulator. The output of the
demodulator is then passed to a decoder that maps an M/N-PPM symbol
into output bits. The demodulators and decoders were both implemented
on a PC. A flowchart of software used in the experiment is presented in

Appendix C.

The experiment was carried out in a dark room to reduce noise photons.
The arrival-time of a photon was determined by the rising edge of a photon-
pulse. In the experiment, an optical power-meter was used to estimate the

intensity falling on a SPAD.

For receiver-1 and receiver-2, an initial experiment was conducted to at-
tain a BER of 1073, This was accomplished by varying the intensity of the
LED light source until a BER of 1073 was achieved. In the experiment,

3 x 10* bits were transmitted to each receiver.
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4.5.2 Experimental Results and Discussion

An ideal photon-counting receiver (i.e., quantum-limited receiver) will serve
as a reference for comparison as it is the best sensitivity a receiver can at-
tain [101]. An ideal photon-counting receiver has a photon-detection proba-
bility (PDP) of 100%, but no dark counts, afterpulses, and dead time. The
BER of an ideal photon-counting receiver is determined by the probability
of an erasure, &, that is, the probability that no photons arrive in a symbol

duration,

1 1
BER = 5 Pr(&) = 56_)‘, (4.13)
where, A is the average number of signal photons per slot.

At a BER of 1072 the sensitivity of receiver-1 was measured to be ~ —84
dBm (at 250 kbits/sec for 2-PPM), and ~ —89 dBm for receiver-2 (at 125
kbits/sec for 4-PPM). In contrast, an ideal photon-counting receiver would
require a power of ~ —93 dBm for receiver-1, and ~ —99 dBm for receiver-2

to attain a BER of 1073.

Figure 4.17 shows the capacity region when 2-PPM, 4-PPM, and 2/4-
PPM are used. The point at which o = 0.25 will serve as a basis for compar-
ison; similar conclusions can be drawn for other value of a. Time-sharing 2-
PPM with 4-PPM at o = 0.25 yields a data rate of 62.5 and 93.75 (kbits/sec)
to receiver-1 and receiver-2, respectively. In contrast, the 2/4-PPM scheme is
able to superimpose a data rate of 62.5 (kbits/sec) to receiver-1, and simul-

taneously increase the data rate of receiver-2 from 93.75 to 125 (kbits/sec).
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Figure 4.17: Capacity region. R; and R, are the data rates to receiver-1 and
receiver-2, respectively. Here, «v is a fraction of the total broadcasting time.

To attain a BER of 107% an intensity of ~ 3.25 x 10° and ~ 3.15 x
10%(photons/sec) was required by receiver-1 and receiver-2, respectively, when
time-sharing was used. In contrast, an intensity of ~ 3.6 x 10% and ~ 4.6 x 10°

(photons/sec) was required by receiver-1 and receiver-2, respectively, for a

BER of 107 when 2/4-PPM was used.

For receiver-1, the intensities required by time-sharing and 2/4-PPM to
attain a BER of 107 at a data rate of 62.5 (kbits/sec) are similar (difference
less than 0.5 dB); the deviation between the intensities is due to experimental
variation. For receiver-2, the intensity required to attain a BER of 1072 is
~ 1.6 dB more for 2/4-PPM than time-sharing as the transmission rate of

2/4-PPM is higher (the difference between the data rates is 31.25 kbits/sec).

98



CHAPTER 4. BROADCASTING TO SPAD-BASED RECEIVERS WITH
MULTIRESOLUTION PPM

4.6 Conclusion

A new multiresolution modulation scheme has been proposed for broadcast-
ing to receivers with different slot durations. The proposed M/N-PPM
scheme can superimpose information, and therefore improve system through-
put over the traditional time-sharing approach. Two receivers equipped with
SPADs were used in an experiment to assess the performance of the pro-
posed M /N-PPM scheme. A data rate of 62.5 kbits/sec was superimposed
by a 2/4-PPM scheme operating at a subslot and slot duration of 2 usec
and 4 psec, respectively. Results suggest that M/N-PPM has a potential
to improve system throughput. A limitation of the study is that it consid-
ered only two receivers. In an indoor environment, however, many receivers
with diverse time slot requirements may share a common downlink channel.

Nevertheless, this work is a step towards solving this issue.
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Conclusions and Future Work

Chapter Overview

So far this thesis has focused on practical considerations when using
SPADs in VLC. In this chapter, conclusions are drawn from the project
and ideas for future research are proposed. The thesis concludes with some

final remarks.
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5.1 Conclusions

SPADs can potentially enhance data rates of VLC systems. However, one
must also consider that they are sensitive to background illumination. In this
thesis, the impact of changes in background illumination on the performance
of a SPAD-based VLC system is investigated analytically and experimen-
tally. Analytical expressions are derived to quantify performance in terms
of capacity, photon-efficiency, and BER. In addition, an experiment was car-
ried out to gain an understanding of the performance of a SPAD-based VLC
system in an indoor environment. The conclusion drawn from the study can
be summarized as follows: Though PPM has a lower data rate than OOK,
it is a suitable modulation scheme for SPAD-based VLC systems as it is less

sensitive to changes in background illumination.

This thesis also addresses the problem of broadcasting to SPAD-based re-
ceivers with diverse capabilities. A multiresolution PPM scheme is developed
to enhance data rates when receivers with different PPM slot durations share
a downlink channel. The performance of the proposed scheme is analyzed
and compared with the traditional time-sharing approach. Furthermore, an
experiment in which two receivers equipped with SPADs was conducted to
assess the performance of the proposed scheme in practice. A data rate of
62.5 kbits/sec was superimposed by the proposed scheme operating at oper-
ating at a subslot and slot duration of 2 usec and 4 usec, respectively. The
conclusion drawn from the study can be summarized as follows: The proposed

multiresolution PPM scheme can superimpose information, and therefore has
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the potential to improve system throughput over the traditional time-sharing

approach.

5.2 Future Work

This work can be extended both theoretically and experimentally. The av-

enues for future research are as follows:

o Mathematical model

One direction for exploration is the development a mathematical model
to predict the BERs of modulation schemes with a dead time constraint.
With such a mathematical model, one can optimize system parameters

(e.g., signal intensity, and slot duration).

The BER is a function of signal photons, noise photons, and the fraction
d
0= ?; where d is the dead time duration, and 7" is the slot duration.

The BER increases with § for the following reasons:

— As ¢ increases less signal photons are detected, since the maximum
number of photons that can be detected within a time slot is (%1

(or equivalently [1]); where [-] denotes the ceiling function.

— The dead time causes intersymbol interference when it propagates

into a subsequent OOK slot. This is illustrated in Figure 5.1.
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Duration of dead time

® Photon arrival event detected
(@) Photon arrival event undetected
4 5
| L | o O | P Time
First slot Second slot

Figure 5.1: Intersymbol interference caused by dead time. The dead time
initiated by the photon in the first slot interferes with photons in the second
slot.

e Multiresolution OOK

Consider the following broadcast scenario, where two receivers equipt
with SPADs share a downlink channel. Receiver-1 has less noise pho-
tons than receiver-2. Time-sharing can be used to broadcast to both
receivers. However, more information can be transmitted by a mul-

tiresolution OOK scheme.

An example of transmission using a multiresolution OOK is shown in
Figure 5.2. Receiver-1 has a low noise intensity and therefore can detect
the fine satellite, while receiver-2, with a high noise intensity, detects
the cloud. Using this scheme a single transmission of a satellite point

conveys information, simultaneously, to both receivers.

An interesting research topic is investigating the performance of mul-

tiresolution OOK, on a Poisson channel, theoretically /experimentally.
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) Logic ‘0’ to receiver-1 and logic ‘1 to receiver-2
Satellite

Signal photons, 4, (photons/slot)

Decision Decision
boundary for ~ boundary for
receiver-1 receiver-2

Figure 5.2: Constellation diagram of multiresolution OOK.

e Array of SPADs

A limitation of SPADs is that they have a dead time. However, this can
be overcome by using an array of SPADs. As the number of SPADs of
a receiver increases, the BER can improve. The intuitive explanation
for this is the following: when a SPAD detects a photon it becomes
inactive during the dead time. Signal photons that arrive during this
period will go undetected. However, as the number of SPADs increase
the probability that all SPADs of a receiver are inactive at the same

moment decreases. As a result, the BER can improve.

This configuration poses some interesting questions for future research:
how many SPADs are needed to achieve a given BER? and how does

capacity scale with the number of SPADs?
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5.3 Final Remarks

SPADs are novel devices that have a great potential. Their high sensitivity
and compactness makes them appealing. It is hoped that this thesis will

motivate future research in this area.
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Appendix A

Flowcharts of Software

This appendix illustrates the software used in the experiment of Chapter 3.
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Figure A.1: Flowchart of software used in experiment for OOK.
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Figure A.2: Flowchart of software used in experiment for PPM.
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Multiresolution PPM Frames

Figure B.3: Multiresolution 2/8-PPM frame.
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Figure B.4: Multiresolution 4/2-PPM frame.

00|01|10|11 00|01|10|11 00|01|10|11 OO|01|10|11

00 01 10 11

Figure B.5: Multiresolution 4/4-PPM frame.

000 001 010 011 100 101 110 111|000 001 010 011 100 101 110 111J000 001 010 011 100 101 110 111|000 001 010 011 100 101 110 111
L1 1 1 1 .t 1 1 1 1 1 I . | L 1 111"

I | | I |
00 01 10 11

Figure B.6: Multiresolution 8/4-PPM frame.
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Flowchart of Software

This appendix illustrates the software used in the experiment of Chapter 4.
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Figure C.1: Flowchart of software used in experiment for multiresolution

PPM.
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Continuation from page 113
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Figure C.2: Continuation of Figure C.1: receiver-1.
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Continuation from page 113
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Figure C.3: Continuation of Figure C.1: receiver-2.
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