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Abstract

Single-photon avalanche diodes (SPADs) have been widely applied in many applications over
the past few decades thanks to their high sensitivity, high photon detection efficiency and
high timing resolution. Nowadays, they are drawing particular attention in the field of optical
wireless communication (OWC), resulting in wider and deeper studies among the scientific
research community. Compared with positive-intrinsic-negative (PIN) diodes and avalanche
photodiodes (APDs), SPADs provide much higher internal gains and sensitivities, thereby
easily overcoming the thermal noise and enabling the detection of individual photons without
the need for transimpedance amplifiers (TIAs). However, upon detecting a photon, the SPAD is
unable to respond to subsequent incident photons for a certain period of time, called dead time.
This dead time is caused by the quenching circuit, which is of two principal modes: active
quenching (AQ) and passive quenching (PQ). Depending on the structure of this circuit, the
dead time can be constant or variable, in any case, it degrades the photon counting performance
of the SPAD.

In this thesis, a comprehensive analytical approach is presented for modelling the counting
statistics of SPAD detectors in the presence of dead time. To the best of author’s knowledge, this
is the first in-depth study of the impact of dead time in the context of (OWC. Using the concepts
of arrival processes and renewal theory, the exact photocount distributions and the count rate
models are derived for AQ and PQ single SPADs. It is shown that, unlike ideal photon counting
detectors, in AQ and PQ single SPADs, the photocounts do not follow a Poisson distribution.
The results confirm that AQ single SPADs generally exhibit less counting losses and therefore,
higher count rates compared to PQ single SPADs and the count rate gap in high photon rate
regimes is substantial. It is also shown that the photocount distribution of a SPAD array can
be well approximated by a Gaussian distribution, for which the mean and variance are dead
time dependent. The numerical results suggest that as the size of the array increases, the gap
between the photon counting performance of AQ and PQ SPAD arrays tends to vanish.

Furthermore, in this thesis, the bit error performance of SPAD-based OWC systems with AQ
single SPADs, PQ single SPADs and AQ SPAD arrays are evaluated. The results show that the
SPAD dead time significantly degrades the bit error ratio (BER) of the systems. The system
with an AQ single SPAD exhibits better BERs compared to the system with a PQ single SPAD.
The effect of dead time is mitigated to some extent when an array is employed. The analytical
and Monte Carlo simulation results are provided for various dead time values, background
count levels and SPAD array sizes.

From a communication theory point of view, the dead time also limits the achievable data
rate of SPAD-based systems. In this thesis, the information transfer rate of SPAD detectors
is also investigated. To this end, the SPAD is modelled as a communication channel. Using
an information theoretic approach, the channel capacity and the capacity-achieving input
distributions for AQ single SPADs and AQ SPAD arrays are obtained for various dead time
values, background count levels, and array sizes.
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Lay summary

Single-photon avalanche diodes (SPADs) are highly sensitive devices capable of detecting very
weak light signals. Nowadays, they are drawing particular attention in the field of optical
wireless communication (OWC), resulting in wider and deeper studies among the scientific
research community. Thermal noise is one of the main sources of noise in any electronic circuit.
In most of the light detectors, the thermal noise is considerable and it significantly limits the
sensitivity of the device. SPADs can overcome this noise thanks to their unique operating
mechanism, thereby offering very high sensitivities. This makes them a promising candidate for
OWC applications dealing with very weak light levels or involving data transmissions through
long distances.

During the light detection, the SPAD experiences inevitable periods of inactivity, called dead
time. Depending on the SPAD physical structure, this dead time can be constant or variable, in
any case, it degrades the SPAD light detection performance. In particular, when the SPAD is
used as a receiver in an OWC system, the dead time results in data loss.

In this thesis, the impact of dead time is deeply studied. A novel analytical method is proposed
for modelling the detection process of a SPAD detector considering the effect of different types
of dead time. First, a single SPAD is studied, and then the approach is extended to an array of
multiple SPADs. The detailed mathematical analyses lead to a number of novel expressions,
which are straightforward to use in other researches. In addition, the accuracy of the proposed
models are evaluated and compared with the experimental results available in the literature.

The proposed models are then applied to study the performance of SPAD-based communication
systems. The effects of a number of parameters and different signalling schemes are addressed,
however, the focus is on investigating the impact of dead time. In SPAD-based OWC systems,
the relative length of dead time compared to the system time slots is the determining factor,
rather than the absolute length of dead time. The results in this thesis show that in systems
employing single SPADs, if this relative length is small, the data loss is negligible. However,
for larger values, the system error probability is significantly increased. From this study, it is
also found that SPAD arrays are more robust to the dead time, and sufficiently large arrays can
tolerate dead time periods equal to the system time slots without any noticeable increase in the
error probability.

In OWC systems, the system time slots during which data is transmitted, determine the data
transmission speed, i.e. the data rate. However, the presence of dead time does not allow
the use of arbitrarily short time slots. In the last part of this thesis, the impact of dead time,
and a number of other parameters on the information rate of single SPADs and SPAD arrays
are studied. The optimum signalling schemes for achieving the highest information rates are
numerically obtained. The results show that the limiting effect of dead time on the maximum
achievable information rate is mitigated in SPAD arrays, and they can offer higher information
rates.
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Chapter 1
Introduction

1.1 Motivation

Optical wireless communication (OWC) has been proposed as a complementary technology
to radio frequency (RF) data communication and as a potential solution to the exponential
increase in demand for wireless data transmission. An OWC! system relies on optical signals
to convey information through the atmosphere whether in terrestrial (indoor or outdoor links)
or satellite applications. The optical frequencies range from infrared (IR) to ultraviolet (UV)),
including the visible light (VL) spectrum. The total bandwidth available in the optical spectrum
is several hundreds of THz, which is much wider than the RF spectrum [1]. Apart from this
abundant spectral resource, other advantages of OWC over RF communication include, but
are not limited to [2]: 1) the optical spectrum is unlicensed; ii) the optical signal does not
interfere with RF-based wireless systems; and ii1)) OWC can be used in radio radiation restricted

environments.

The high speed OWC has been achieved with significant advances in optoelectronic devices,
which are employed as the front-end elements in OWC systems. At the transmitter side,
the key front-end device is the light source which converts the electrical signal to an optical
signal. Additionally, optics are used to shape the emission pattern of the light source. The
conventional light sources in OWC systems include light emitting diodes (LEDs) and laser
diodes (LDs) [3]. LEDs are semiconductor devices with p-n junctions. An electric current
flow through the p-n junction generates photons by spontaneous radiation, releasing energy in
the form of light. Generally, LEDs have a diffused emission pattern. The emission pattern
defines the angular dependence of the LED output optical power. With decades of research and
development, highly efficient LEDs have been manufactured and utilized in a wide range of
applications [3,4]. LDs are typically composed of an optical cavity inside which the carriers
and photons are confined in order to maximize their chances for stimulated radiation and light
generation. Compared to LEDs, LDs operate at higher levels of driving current. In addition,

LDs have higher electrical-to-optical conversion efficiencies and wider modulation bandwidths.
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However, they are more expensive than LEDs, and their highly focused emission pattern is a
drawback on account of eye safety regulations. This necessitates the use of appropriate optics
to convert the LD output into a diffused emission pattern in indoor communication and lighting

applications [3].

At the receiver side, light sensing devices, i.e. photodetectors (PDs), are the key element.
Furthermore, optical filters and concentrators may be used to improve the connection quality.
In OWC systems, positive-intrinsic-negative (PIN) diodes and avalanche photodiodes (APDs)
are widely used as PDs. A PIN/diode is a diode with a wide, undoped intrinsic semiconductor
region between two heavily doped p-type and n-type semiconductor regions. When a large
reverse biased voltage is applied across the diode, an electrical field is established and the
flow of free electrons and holes, caused by arriving photons, produces a photocurrent. PIN
diodes have no internal gain mechanism, hence, they are unity gain PDs. Since PIN diodes
are semiconductor devices, depending on the choice of the semiconductor materials, the
responsivity of these PDs varies at different wavelengths. The bandwidth of PIN diodes ranges
from several hundreds of MHz to more than 100 GHz [3,/5].

APDs operate with much higher reverse bias voltages than the PIN diodes. In APDs, the
impact ionization and avalanche multiplication mechanisms lead to high internal gains in the
range of 50-500. Consequently, APDs have higher responsivities compared with PIN diodes.
However, the avalanche effect also results in gain-dependent excess noise and extra sensitivity
to temperature changes. Typical bandwidths of APDs range from 100 MHz to 4 GHz in visible
wavelengths [3,5].

The PIN diodes and APDs have been successfully used in practical OWC links. However,
the performance of these PDs is not satisfactory in photon starving conditions such as long
distance links of space optical communications [6], gas well downhole monitoring systems [7],
and data transmission over plastic optical fibres [8]]. In such cases, the optical signal may be
received at levels below the sensitivity of these PDs and get lost in the thermal noise, despite
the use of high gain transimpedance amplifiers (TIAS). Therefore, a PD with a much higher
sensitivity is required to achieve the desired performance. Recently, a novel single-photon
detector, namely single-photon avalanche diode (SPAD), has been proposed for OWC scenarios
involving extremely low signal levels [9, 10]. SPAD is also a semiconductor device with a p-n
junction. The SPAD is operated in the so-called Geiger mode, in that it is biased beyond its

breakdown voltage. So, the absorption of a single photon can initiate an avalanche of charge
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carriers, leading to a very large internal gain. The extremely high gain allows single photons to
be detected effectively [11-13]. After each photon detection, the SPAD needs to be quenched to
recover from the excess charge carriers, and this is accomplished by a proper electronic circuit
known as the quenching circuit. The unavoidable dead time caused by the quenching circuits,
is a major concern when designing the SPAD photodetectors, as it can considerably degrade the

photon counting performance [14-16].

Although the history of single-photon detectors dates back to 1920s [17], the first efforts for
developing solid-state single-photon detectors were made in the late 1960s after the invention
of APDs. In 1989, Cova [18] introduced the Geiger mode operation of the APDs and this
opened the way for the development of SPAD devices. Since this first demonstration, many
groups have contributed internationally to remarkable improvements in the device performance.
The major advances happened in the early 2000s, when the SPADs were implemented within

complementary metal-oxide-semiconductor (CMOS) processes [19-21].

The physical characteristics of the SPAD devices are well defined in literature [22-27].
The device limitations have been examined through extensive experiments [15,|16, 28, 29].
However, SPADs have just recently found applications in the OWC domain, and are not fully
characterized from a communication perspective. Many questions regarding their performance
reliability for OWC applications are still unanswered. Therefore, it is necessary to deeply
understand the characteristics and limitations of these devices from a communication theory

point of view and analyse their performance in this context.
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1.2 Contribution

This thesis investigates the application of SPAD/PDs in OWC where the SPAD is characterized
from a communication theory perspective. There are a number of contributory factors playing
a role in the SPAD photon counting functionality, among which the dead time is the most
impactful one. Therefore, this research primarily focuses on the dead time effects. This thesis

aims at addressing the following three research objectives in a systematic approach:

e Establishing a statistical model for the photon counting process of the SPAD.
e Evaluating the error performance of SPAD-based OWC systems.

e Finding the capacity of the SPAD receiver.

By following these objectives, several contributions have been made.

With regard to the first objective, the aim is to derive dead time-modified photon counting
distributions for the SPAD. The effect of dead time on the count rate of SPAD PDs has been
widely studied in the literature. The existing count rate models are not exact, but provide
reasonable estimations of the SPAD actual count rate [29-31]. Some other useful metrics, such
as blocking probability and photon detection efficiency, have also been proposed in this context
[32-34]. However, non of them provides a complete description of the SPAD photon counting
process which is required for the performance evaluation of SPAD-based communication
systems. As the first contribution of this thesis, a comprehensive analytical framework is
proposed for modelling the statistical behaviour of the SPADs in the presence of dead time.
The rigorous analysis is established based on the concepts of arrival processes and renewal
processes. Exact analytical expressions are derived for the probability mass function (PMEF),
mean and variance of the SPAD photocounts. Also, exact count rate models are established
and compared with the existing models in the literature. The study is conducted for both
single SPADs and SPAD arrays and expounds the effect of various dead time types imposed
by different quenching circuits, including active quenching (AQ), passive quenching (PQ), and
mixed AQ/PQ circuits. These analytical derivations and mathematical modellings are published

in [35-37].

Following the second research objective leads to the second contribution of this thesis: the

error performance analysis of SPAD-based OWC systems. A major concern for employing
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SPAD PDs in communication systems is whether the existence of dead time causes significant
data loss during the data reception. This question is addressed for SPAD-based OWC systems
with on-off keying (OOK)) and binary pulse position modulation (BPPM). Separate case studies
are considered for OWC systems consisting of AQ and PQ single SPADs and SPAD arrays. For
OOK modulation, the optimum threshold for minimizing the error probability is derived. In
addition, the effects of a number of other factors, such as background counts and array size on
the error performance of the system are discussed. The work conducted on the performance

evaluation of SPAD-based OWC systems has led to the publication of [37].

Regarding the third objective, the dead time is a major issue in high data rate links. It results
in inter-slot interference (ISI) and severely degrades the bit error ratio (BER) of the system
in high data rates. Thus, the presence of dead time does not allow the use of arbitrarily
narrow time slots and limits the maximum achievable data rate. As the third contribution
of this thesis, the SPAD is modelled as a communication channel with memory. Using an
information theoretic approach, the information transfer rates and the capacity of the SPAD
channel are investigated. In particular, two case studies are considered. In the first study, the
capacity of single SPADs with a binary signalling scheme is analysed. In the second study, the
capacity of SPAD arrays with a pulse amplitude modulation (PAM)) signalling is investigated.
In each study, two auxiliary discrete memoryless channels (DMCs) are proposed and an upper
bound and a lower bound on the capacity are developed. For the regimes where the bounds
are tight and the auxiliary channels well characterize the SPAD channel, the properties of the
capacity-achieving input distributions are discussed. Furthermore, using a numerical algorithm,
the capacity and the capacity-achieving input distributions, subject to peak and average power
constraints, are presented for various array sizes, dead time values and background count levels.
Part of the research conducted on the capacity of SPAD PDs has led to [38,39] and the rest is

under preparation for publication.
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1.3 Layout

The rest of this thesis is organised as follows. Chapter |2 provides the relevant background
for understanding the operating principle of photon counting receivers. First, the concept of
photodetection is presented and then the conventional PDs used in OWC! systems are reviewed.
In particular, the performance specifications of PIN| diodes and /APDs, in terms of noise, gain,
bandwidth and signal-to-noise ratio (SNR) are reported from the literature. Furthermore, a
brief overview of the applications of the SPADs is given. Also, the operating mechanism and

the main performance metrics of SPAD receivers are discussed.

In Chapter 3, the photon counting behaviour of SPAD receivers in the presence of dead time
is precisely modelled. The concepts of arrival processes and renewal theory are applied for
deriving the exact dead time-modified photocount distributions of AQ) [PQ, and mixed AQ/PQ

single SPADs. The approach is also extended to the case of SPAD arrays.

In Chapter 4, the error performance evaluation of SPAD-based OWC systems is presented.
First, OWC systems with single SPAD receivers are considered and the impact of AQ and
PQ dead times on the BER| of OOK! and BPPM] systems is studied. Several case studies are
considered to analyse the effect of various dead time durations, signal and background count

levels. The analysis is then extended to OWC systems with SPAD array receivers.

In Chapter 5, the impact of dead time on the input-output information transfer rate of the SPAD
receivers is investigated. The SPAD is modelled as discrete channel with memory. Upper and
lower bounds on the information rates and the capacity of the SPAD channel are provided. The
capacity of AQ single SPADs is analysed for a binary signalling scheme, and for AQ SPAD

arrays, a PAM|signalling scheme is addressed.

In Chapter |6, the key findings of this thesis are summarised, and some concluding remarks are
provided. Finally, the limitations of the presented work are discussed along with possible future

directions.



Chapter 2
Background

Optical wireless communication (OWC) technology was first developed over a hundred
years ago and recently has attracted a renewed interest. In this chapter, a short overview of
the (OWC| technology is given. The photodetectors (PDs) commonly used in OWC systems
are then reviewed. The principal function of a PD is converting the received optical signal
into an electrical current through the photodetection process. The underlying physical
characteristics of the photodetection process allow each PD to have its own unique features,
satisfying specific application requirements. Conventional photodetectors in OWC systems are
positive-intrinsic-negative (PIN) diodes and avalanche photodiodes (APDs). In this chapter,
both of these PDs are referred to. In particular, the details of the physical mechanism of
operation, noise properties and performance specifications in terms of gain, bandwidth and
signal-to-noise ratio (SNR) are reported from the literature. In photon starving applications and
long distance transmissions, the optical signal may be received at levels below the sensitivity of
PIN diodes and APDs. In such applications, single-photon detectors are employed which can
enable detection of individual photons without the need for transimpedance amplifiers (TTAS).
For decades, photomultiplier tubes (PMTs) have been the primary choice for OWC systems
among various single-photon detectors. However, they are being replaced by single-photon
avalanche diodes (SPADs) due to their numerous disadvantages. In this chapter, SPADs are
introduced and their operating mechanism and main performance metrics are reviewed. The

related works are also discussed in this chapter.

The rest of this chapter is organized as follows. The literature review on the OWC systems
and the conventional PDs is given in Section 2.1, In Section 2.2, the SPAD PDs are discussed
in detail. Section 2.3| covers the related works. A summary of this chapter is provided in

Section 2.4/
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2.1 Optical Wireless Communication (OWC) Systems

The purpose of designing any communication system is to transfer information from one point
to another. This is accomplished by modulating the information onto an electromagnetic carrier
wave, which is propagated to the destination. The electromagnetic wave is then received
and the information is recovered. Depending on the location of the carrier frequency in the
electromagnetic spectrum, various categories of communication systems are realized: radio

systems, microwave or millimetre systems, and optical systems [1].

In recent years, OWC has attracted substantial attention. An OWC system relies on optical
signals to convey information through the atmosphere whether in terrestrial (indoor or outdoor
links) or satellite applications. The optical frequencies range from infrared (IR)) to ultraviolet
(UV) including the visible light (VL) spectrum. This abundant spectral resource is a potential
solution for satisfying the ever increasing demand for wireless capacity. Apart from its high

capacity, OWC offers inherent security while remaining cost effective [1].

The block diagram of a generic OWC system with intensity modulation and direct detection
(IM/DD) is shown in Fig. 2.1. At the transmitter side, intensity modulation (IM) is employed
where the information is modulated onto the intensity of an optical signal. This is achieved by
changing the driving current of an optical source directly in accordance with the transmitted
data or using an external modulator. Light emitting diodes (LEDs) and laser diodes (LDs) are
widely used as the optical sources in OWC systems in order to convert the input electrical signal
into the corresponding optical signal. Some transmitter optics might be used for collimating
and directing the optical signal towards the receiver at the other end of the optical channel.
The receiver is composed from receiver optics, a PD, and a [TIA| if necessary, followed by
a demodulator. The optics help to collect and focus the received optical beam to the PD. To
minimize the effects of background noise collected by optical elements with large apertures, the
received signal is usually required to pass through an optical filter before reaching the PD. After
being amplified by the TIA, the original signal is recovered by the demodulator. This detection
process is known as direct detection (DD)), meaning that the receiver detects the instantaneous

intensity or power of the optical signal reaching the PD.
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Figure 2.1: Block diagram of an OWC system [1|].

2.1.1 Photodetection

The key task of a PD is photodetection, i.e. converting the collected light field into a current
or voltage waveform for subsequent postdetection processing. It is necessary to take into
account the characteristics of the photodetection operation when designing a PD for a specific
application. Particularly, in OWC applications, the system performance depends explicitly on
the statistics of the PD output, thus a proper mathematical model of the PD is required for

designing the optimum detection and decoding schemes.

Photodetection is achieved by using a photosensitive material to respond to incident photons
by producing free charge carriers. These carriers are forced to drift in a given direction by an
externally applied electric field. This carrier flow is seen as a current flow at the PD output.
The general photodetection operation can be represented by the simplified diagram in Fig. 2.2
showing the incident light beam and the external bias circuitry producing the output current
flow. The output photocurrent can also be converted to a voltage by passing through a load

resistor [1,5].

Typical PDs in OWC applications are primarily of two types: phototube devices and solid-state
devices. In phototubes, the free carriers are produced from a photosensitive material and are
released into a vacuum cavity, where they are collected by a charged anode plate. The PMT
is a phototube device with very high sensitivity [1,5]. Despite their unique sensitivity, PMTs
have various disadvantages which will be discussed later in this chapter. Therefore, they are
being replaced by solid-state devices in many applications. In solid-state devices, the incident
photons excite electrons at a positive-negative (PN)) junction, and the photocurrent corresponds
to an electron flow across the junction [1,5]]. The most widely employed solid-state devices in

OWC systems are PIN diodes and APDs [1,5].
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Figure 2.2: The basic photodetection model [|1,5].

If during the photodetection, the excited electrons regenerate additional free carriers, the
photomultiplication happens. As a result of this phenomenon, the accumulated current
flow is many times higher than for the primary carriers alone. In phototube devices,
photomultiplication can be achieved by using multiple anode plates to produce secondary

electron emissions and in solid-state devices by avalanching effects [1,5].

The optical to electrical conversion and the photomultiplication process are both probabilistic
in nature, and the output photocurrent always evolves as a random process in time. As the PD
induces its inherent randomness when responding to any optical field (whether stochastic or

not), this randomness must be properly accounted for in the system design [1].

2.1.2 Photodetectors

The detection of optical radiation differs from conventional radio frequency (RF) field detection
in that the optical signal intensity, not the amplitude of the field, is detected [1]. The basic
physical principle of operation in solid-state PDs is the same. However, they differ in the
subsequent processing of the photogenerated carriers. In the following, the PIN| diodes and

APDs are reviewed in detail.
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2.1.2.1 Positive-Intrinsic-Negative (PIN) Diodes

A PIN diode is easy to fabricate. It is basically a diode with a wide, undoped intrinsic
semiconductor region between two heavily doped p-type and n-type semiconductor regions. As
a PD, the PIN diode is reverse biased. Under reverse bias and in the absence of light radiation
only a small leakage current will flow through the diode. When an incident photon of sufficient
energy strikes the diode, an electron-hole pair may be generated. The ratio of the number of
carriers generated by the [PD to the number of photons incident on the PD is known as the
quantum efficiency and is denoted by n. The quantum efficiency depends on the photosensitive
material of the diode and also the optical wavelength. The reverse bias electric field rapidly

sweeps the charge carriers out of the junction creating a photocurrent pulse [1,5,40,41].

Commercially available PIN diodes are typically made of silicon (Si), germanium (Ge) or
indium gallium arsenide (InGaAs). Ge and InGaAs PIN diodes have high quantum efficiencies
(> 80%) in the TRIregion (~ 1500 nm). Si PIN diodes have even higher quantum efficiencies,
but can only detect wavelengths below the band gap of Si (~ 1100 nm) [5,/40]. PIN diodes are
unity gain devices, i.e. there is no internal gain mechanism. Therefore, the bandwidth of PIN
diodes is limited only by the time it takes the carriers to travel through the depletion region.
With their fast response times, bandwidths of more than 100 GHz can be easily achieved,

making them ideal for high speed OWC applications [5,40].

Counting Statistics

Let the incident optical signal power and the background noise power be denoted by P and P,
respectively. Even if the incident optical power is constant, the number of detected photons,
k, is random and usually modelled by an ergodic and wide-sense stationary Poisson random

process with the following probability mass function (PMF) [1,41]:

k
po(k) = L0 e

= 7 ; 2.1

where 1o denotes the average number of detected photons during a time interval of length T',

and is given by [1,41]:
n(Ps + Py)T

= 22
Ho o (2.2)

11
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where h is the Planck constant and v is the optical frequency. If pg is relatively large, the
Poisson process can be approximated with a Gaussian process [42]. It is very common to use
the terms intensity or rate as the average number of photons per second. If the intensities
of the received optical signal and the collected background noise be denoted by Ag and A,

respectively, then \y = nPs/hv and A\, = nP,/hv [1].

Noise Sources

The main types of noise commonly associated with the PIN diodes are: photocurrent shot
noise, dark current shot noise and thermal noise. The photocurrent shot noise is the random
fluctuations of the PIN diode photocurrent and arises from the input signal and/or background

radiation. This shot noise is modelled as a Gaussian process with a variance of [1,41]:
Olhot = 242 (As + An) B, 2.3)

where ¢, is the electron charge and B is the single-sided bandwidth of the postdetection lowpass

filter (LPF) with a unit transfer function.

Other than the photocurrent shot noise, the PIN diode dark current also contributes to the shot
noise effects [1,41]. The dark current is the relatively small current that flows through the
PIN diode in the absence of any external radiation. The PIN diode dark current consists of
two components: the diode surface leakage current and the bulk leakage current. The surface
leakage current originates from some minority charge carriers generated on the photosensitive
surface of the device. The bulk leakage current arises from the generation of some minority
carriers in the depletion region. Denoting the average dark current by /4,,k, the average surface
leakage current by 145 and the average bulk leakage current by Iq1,, we have Iy = Igs + Lap-
Typical values for I,k vary from 1 to 10 nA for Si-based PIN diodes, from 50 to 500 nA for
Ge-based PIN diodes, and from 1 to 20 nA for InGaAs-based PIN diodes [41]. The variance of

the dark current shot noise is given by [1,41]:
Ok = 2qeldark B 2.4)

The photocurrent shot noise and dark current shot noise are also known as external and internal

quantum noises, respectively [43].

12
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The thermal noise in PIN diodes can arise from the photodiode shunt resistor, Ry, which is
typically on the order of 100 kS2 to 1 GS2. The corresponding internal thermal noise is modelled

as a zero mean Gaussian process of variance [40,41]:

4kpT°B
Olhant = (2.5)
S

where kg is the Boltzmann constant and 77 is the temperature (in Kelvin). In addition to the
PD self thermal noise, the electronic circuitry also produces major thermal noise. This noise
component is mainly caused by the load resistor, 71, and is modelled as a zero mean Gaussian
process of variance [40,41]:

,» _ 4kT°B

Oload = RL (2'6)

Other post-amplification components (e.g. the TIA) and the [LPF circuitry also add some
thermal noise to the signal. To take them into account, usually 7° in (2.6) is replaced by
an equivalent temperature T . Therefore, the PIN diode thermal noise is modelled as a zero

: : 2 _ 2 2
mean Gaussian process of variance o}, = 03« + Tjoaq [40,41].

Photocurrent

The output photocurrent of the PIN diode is the superposition of the PD response to the

absorbed photons, plus the device dark and thermal noise currents [1,/40]:

i(t) =) geh(t — ;) + daar(t) + im(t). 2.7)
{t}
In (2.7), the summation is extended over the photon arrival times {¢;}, h(t) is the receiver
impulse response, iqak(t) is the PD dark current, and iy, (¢) is the thermal noise current. It is
commonly assumed that the PIN diode photocurrent has a Gaussian distribution, N'(uz, o7),
with [40,41]:
pr = Ge(As + An) + dark, (2.8a)

0—% = USQhot + Jﬁark + Ut2h> (28b)

2 2 . : . 2 _ 2 2
where o3 . and o, are given in (2.3) and (2.4), respectively. Also, 0, = 03,1t T Tioad

with 02 . and o2, provided in (2.5) and (2.6), respectively.
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Signal-to-Noise Ratio

The direct detection electrical SNRIwith a PIN diode is given by [1]]:

<Qe)\s)2

2B qz()‘s + )‘n) + qe[dark +

SNR =

(2.9)

2kpT° N 2kpTg,
Ry Ry,
The main disadvantage of PIN diodes in OWC systems is their low gain. When operating at
extremely low signal levels, the thermal noise generated by the PD itself can be more significant
than the signal. This thermal-noise-limited situation can severely degrade the SNR of the

system and increase the error probability.

2.1.2.2 Avalanche Photodiodes (APDs)

APDs are similar to PIN diodes, in that they operate under the reverse bias condition [5} 40,
41]]. However, unlike PIN diodes, APDs operate with high internal electric fields. Thereby,
the released carriers are accelerated to high velocities and are able to ionize other carriers
through a mechanism known as impact ionization. The secondary carriers in turn generate
additional carriers. When carriers undergo many consecutive impact ionizations, an avalanche
photomultiplication occurs, such that the APD output current flow is many times larger than that
of a PIN diode [1,/5,/40,41]. In fact, the avalanche breakdown provides an internal gain which
enables the PD to operate above its own thermal noise limit. The impact ionization process
and the avalanche breakdown are random processes. Thus, each primary carrier is associated
with a random gain, G, where the gains associated with different photon detection events are
independent [1,40]. The exact distribution of g is difficult to characterize [44,45]. However,
for most practical applications, it is sufficient to characterize the APD by its excess noise factor

F, defined as [1,/5,46]:
E [G?]

F=ge

(2.10)

where E [-] denotes the expected value. Denote by g the average gain of the APD, that is
g = E[G]. The excess noise factor is usually approximated by F' = ¢* where z is some
exponent obtained through experiments. For example, x is between 0.2 and 0.5 for Si-based
APDs [40]]. The average APD gain, g, depends on the bias voltage and is typically in the range
of 100 to 500 for Si APDs and 10 to 40 for most Ge and InGaAs APDs [1,5,40].

14
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The excess noise factor is a function of the carrier ionization ratio, {, where ( is usually defined
as the ratio of hole to electron ionization probabilities. According to Mclntyre’s model, F' is
related to ¢ by [44]:

F:gC+(1—C)(2—;). @.11)
The Mclntyre’s model given in (2.11) considers the statistical nature of the avalanche
multiplication. For a well designed APD, ( should be much smaller than 1. Typical values for

¢ are between 0.002 to 0.06 for Si APDs, 0.7 to 1 for Ge APDs, and 0.4 to 0.7 for InGaAs
APDs, respectively [44-46].

Furthermore, the response time, and hence, the bandwidth of the APD depends on (. After
the initial avalanche, the signal persists until no further avalanche is detected. In the best case
where ¢ = 0, the detector response time is limited only by the time it takes for a single electron
to travel through the avalanche region. Typical bandwidths of the APD range from 100 MHz to
4 GHz for visible wavelengths [1,5].

Counting Statistics

Similar to the PIN diode, in the APD, the number of absorbed photons % (also known as the
primary counts) follows a Poisson distribution given by (2.1) with the mean value given in
(2.2). In response to these k photons, the APD generates m electrons with the conditional
probability distribution Pr{m|k} derived by McIntyre in [44] and experimentally verified by
Conradi in [45]:

ety = =Y BRE 1)}’?52" [ELIE "
m(m—k)lf(f_rrlc+k+1) g g

(2.12)
where I'(+) is the gamma function. The PMF of m is obtained by averaging the above expression

over the Poisson distributed random variable k:

pu(m) = Pr{m|k}po(k). 2.13)
k=0
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In [47], Webb has provided an approximation to (2.13) which is given by:

1 B2

pM(m):W<HB(Zl)>3/2XGXP 2gA(1+B(FA_1)> |

(2.14)

where A = guoF', B =m—gugand m > —gpuo/(F —1). The PMF in (2.14) provides a much
simpler expression for analytical calculations. When joF/(F — 1)? is large, the distribution in

(2.14) can be further approximated by a Gaussian distribution [47]].

Noise Sources

The principal noises at the output of an APD are: photocurrent shot noise, dark current, and
thermal noise. Modelling these noises is different from the PIN diode case, as the effect of the
avalanche breakdown should be taken into account. The variance of the photocurrent shot noise
is given by [1,41]:

Oahot = 20°Fa(As + M) B. 2.15)

In APDs, the bulk leakage current is gain-dependent and is amplified by the APD gain.
Therefore, the average dark current of the APD is expressed as Iq.x = Igs + glap. The
typical values for I, vary from 0.1 to 1 nA for Si APDs, 50 to 500 nA for Ge APDs, and 1
to 5 nA for InGaAs APDs [41]. The shot noise arising from the dark current is modelled as a

Gaussian process with variance [[1,41]:
O3 = 20e (92 FIay + Ius) B. (2.16)

In contrast to PIN diodes, the APD self thermal noise is insignificant. This is due to the large
internal gain of the APD. However, the thermal noise contribution of the TIA load resistor,
Ry, and the electronic circuitry is considerable. This thermal noise is modelled as a zero mean
Gaussian process of variance [1,/41]:

4kp1g, B

oh =% 2.17)

Another type of noise in APDs is the noise associated with the avalanche gain mechanism.

When the avalanche process is generated by carriers of higher mobility, the avalanche noise is
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smaller and can be ignored. The reason for this is that the carriers with higher mobility spend
less time within the avalanche region and consequently, a smaller number of secondary carriers

can induce further ionizations. Thus, the avalanche noise becomes negligible.

Photocurrent

The output photocurrent of an APD is expressed as [40]:

i(t) =Y gjaeh(t — t5) + iqars(t) + icn (D), (2.18)
{t;}

where g; is the gain associated with the jth photon detection event, and h(t) is the APD impulse
response. The mean and variance of the APD output photocurrent are given by Campbell’s
theorem [40,41]:

Br = 9qe(As + An) + glan + Las, (2.19a)

0-% = Jghot + Oﬁark =+ Ut2h' (219b)
where O'SQhOt, oﬁark and atzh are given in (2.15), (2.16) and (2.17), respectively.

Signal-to-Noise Ratio

The direct detection electrical SNR of the APD is given by [1,40]:

A2
SNR = (99:25) ST (2.20)
B
2B [QQFqg()‘s + )\n) + QQFQeIdb + QeIds + R eq:|
L
which can also be written as:
SNR = As (2.21)
9p [F(l pouyy Pl | Ta | 26T ] |
As Qe s QZQeAs QQQg As Ry,

According to (2.21), a high gain reduces the effects of both the dark current and the thermal
noise. As a result, APDs with high gains tend to have less noise and are more sensitive.

When the dark current and the thermal noise are negligible in (2.21), the APD is called
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shot-noise-limited [1]. In this case:

Y 2
SNRgp, & ————>———- 2.22
SLTOBF(s + M) (2.22)
The shot-noise-limited SNR depends only on A and A,,. Increasing g beyond the point at which
the shot-noise-limited operation is achieved does not further improve SNR. If the background

noise intensity \,, is strong relative to the optical signal intensity g, (2.22)) can be approximated

as [1]: |2
2BF )\,

SNR =~ (2.23)

The detected SNR improves as the square of As. Denoting by A\s/A, the optical SNR, (2.23)
particularly shows that a low value of optical SNR does not necessarily mean a low electrical

SNR. If A\g > Ay, (2.22) becomes [[1]:

As
SNRqr, £ 35 (2.24)

The above SNR is called the quantum-limited SNR of the APD, and denotes the maximum SNR
obtainable during the photodetection. Even if the background and circuit noises are attenuated,
the maximum SNR does not increase without bound, but rather approaches the quantum-limited
value given in (2.24) [1]. This is because of the inherent shot noise effects in OWC systems. In
fact, OWC systems appear to have an additive quantum noise added during the photodetection,
even in the absence of all circuit and background noise sources. This quantum noise places an
ultimate limit on the APD performance. Also, according to (2.24), the APDs with low quantum
efficiencies produce reduced quantum-limited SNRs, and this is why the APD efficiency can

significantly affect the overall system performance [1].

2.1.2.3 Towards Higher Sensitivities: Single-Photon Detectors

When the detection of extremely weak optical signals is required, the direct detection SNR
of the PIN diodes and the APDs degrades appreciably because of the strong thermal and/or
background noise. That’s where single-photon detectors can be of great help. Numerous
types of single-photon detectors exist, each with their own set of unique features. Among
them are PMTs, members of the class of phototubes. The PMT is a vacuum tube containing
a photosensitive surface called photocathode, an electron multiplier, and an output terminal

known as anode. The electron multiplier is a series of secondary electrodes known as dynodes
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which create an avalanche effect [1,5].

The photodetection process in the PMT can be described as follows: When an incident photon
is absorbed, a primary electron is generated at the photocathode. For larger light intensities
several primary electrons are generated almost simultaneously. The electric field, established
by the bias network, accelerates the electron towards the first dynode in the tube. Upon reaching
the first dynode, the electron creates secondary electrons that are also accelerated by the electric
field towards the second dynode. This trend continues until the electrons hit the anode. By
this time, the primary electron has been amplified considerably. Therefore, with every single
photon, a large average number of electrons, and thus, a very high current gain, is produced
at the anode. PMTs typically have gains in the range of 10° to 10%. Consequently, the PMT
thermal noise is usually insignificant and the PMTs are essentially quantum-limited devices

with very high sensitivities [1,/5].

However, providing such high gains requires high bias voltages (1 to 3 kV). In addition, since
the output photocurrent is so high, the device is required to be electrically reset following each
photon detection. This leads to a dead time during which no further photon can be detected.
Also, because of the time it takes the electrons to traverse the dynode chain, PMTs have an
inherent bandwidth limitation. Typical bandwidths for PMTs are around 20 — 200 MHz. Such
bandwidths are considerably lower than the desired information bandwidth in high speed OWC
systems. Some PMTs employ a magnetic field in addition to the electric field in order to reduce

the temporal dispersion of the electrons and to obtain a faster response [1,/5].

While various materials may be used for the photocathode depending on the wavelength
range of interest, traditional vacuum PMTs generally exhibit the best sensitivity in the short
visible and UV ranges. Thereby, the lack of suitable materials at the long visible and near
IR/ wavelengths is a significant disadvantage. The PMT quantum efficiency is typically on the
order of 10 — 20% at visible wavelengths, and drops off rapidly in the near IR region. In
addition to being slow and inefficient, PMTs are bulky, and require extensive thermal cooling.
Furthermore, PMTs often have high dark current levels and are prone to afterpulsing, an effect
whereby a false output pulse is generated although no photon has been detected. In summary,

the extremely high sensitivity comes at the price of all these disadvantages [1,5]].

Most of the above challenges can be overcome with solid-state counterparts. The solid-state

single-photon detectors have an inherently higher bandwidth because of their smaller size. They
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exhibit higher quantum efficiencies. Typical quantum efficiencies for solid-state detectors range
from 20 to 90% throughout the visible and near IR ranges [26]. In recent years, SPADS are
gaining a growing interest among the research and industry communities. SPADs are basically
specially constructed APDs operated in the so-called Geiger mode. In the Geiger mode, the
APD is biased above its breakdown voltage, as opposed to the linear mode in which the APD
is biased below the breakdown voltage. This generates a very large internal gain that enables
single photon detection. The SPAD dark current is orders of magnitude lower than that of the
conventional APDs and PMTs. In addition, SPADs generally have higher quantum efficiencies.

So, in ultra-low-light applications, SPADs are superior to the conventional APDs.

SPADs are also subject to an unavoidable dead time which limits their count rate. More
recently, SPAD arrays have been developed to keep pace with the ongoing demand for higher
counting rates. SPAD arrays are also known as silicon photomultipliers (SiPMs) and multi-pixel
photon counters (MPPCs). They appear to be a promising technology, with advantages such
as relatively low production costs thanks to the complementary metal-oxide-semiconductor
(CMOS) fabrication technology, compact sizes, immunity to magnetic fields, and low bias
voltage requirements. These devices also offer high photon detection efficiency and excellent
timing resolution [26]. In the next section, the potential applications, the operating mechanism,

and the performance metrics of the SPADs are discussed in detail.

2.2 Single-Photon Avalanche Diode (SPAD)

Since the 2000s, the applications of SPAD/PDs have expanded significantly. Nowadays, SPADs
are the key enabling technology for many applications requiring single-photon sensitivity.
Examples include, but are not limited to, light detection and ranging (LIDAR)) [48], time of
flight (ToF) three-dimensional imaging [49], positron emission tomography (PET) scanning

[50], fluorescence lifetime microscopy [51], and single-photon experimentation within physics.

Owing to their high power efficiency, high sensitivity, high detection efficiency, and high timing
resolution, SPADs have been deployed in various optical communication applications such as
quantum key distribution [26,/52], deep space laser communications [53], gas well downhole
monitoring systems [7], data transmission over plastic optical fibres [8]], and underwater
communications [54}55]. So far, much effort has been devoted to optimising and improving

their performance for communication purposes [9,/10,56,/57] and still, there is broad room for
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more improvements.

2.2.1 Operating Mechanism

SPADs are semiconductor devices with p-n junctions and operate based on a simple principle:
if the reverse bias voltage, V},;.s, Of the p-n junction is raised slightly above the breakdown
voltage, Vi, a very high electric field is produced. Hence, even a single carrier can trigger
a strong avalanche, leading to a measurable current. The avalanche current rises rapidly to a
steady level which primarily depends on the excess bias voltage, i.e. Vox = Vhjas — Vior, the

effective series resistance of the photodiode and the circuitry [21-24, 28]

The leading edge of the avalanche current is sensed by a discriminator and a synchronized
output pulse is generated. While the bias voltage is above the breakdown level, the avalanche
current continues to flow and the photodiode is not able to detect a subsequent photon.
Reducing the bias voltage below the breakdown threshold, ceasing the current flow, and then
raising the bias voltage above the breakdown level, is accomplished by an electronic circuit
called the quenching circuit. In fact, the quenching circuit restores the SPAD to the operating
conditions for detecting further photons. The quenching process typically lasts a few tens of

nanoseconds. This recovery time is usually termed as the dead time [21-24,28]].

2.2.2 Figures of Merit

The key parameters for assessing the performance of SPAD PDs are as follows:

Dead Time

As discussed earlier, the dead time or recovery time, 7, is the time interval that follows the
detection of a photon, during which the SPAD is unable to resolve a second photon. The type
and length of the dead time depend strongly on the bias circuit and the counting electronics,
rather than the photodiode element itself. The dead time causes some counting losses and limits
the maximum count rate of the SPAD [27]. The effect of dead time on the performance of the
SPAD, when used as an optical receiver, is the main focus of this thesis and is deeply studied

in Chapters 3, 4, and 5.

21



Background

Afterpulsing

An afterpulsing is a secondary avalanche event related to an earlier photon detection.
Afterpulsing events are caused by carriers that get trapped during an avalanche breakdown
and are released with a randomly fluctuating delay, when the SPAD is newly biased above
its breakdown voltage. The mechanisms behind afterpulsing are well understood and the
literature on the subject is extensive [19,58]. This phenomenon is commonly described by a
probability measure known as the afterpulsing probability which is defined as the probability

that an afterpulsing event will happen after detection of a photon.

Because of afterpulsing, the measured number of detections is always higher than the
actual number of detected photons. To suppress afterpulsing in the SPAD devices, 7 can
be deliberately lengthened to allow the trapped carriers to be released. In this way, the
afterpulsing probability can be kept below a desired threshold, however, at the expense of a

lower count rate.

Dark Counts

Similar to the dark current of PIN diodes and APDs, dark counts are the intrinsic noise of
the SPADs. Dark counts are false detection events in the absence of any optical illumination
and arise mostly due to thermally generated carriers and afterpulsing. Since the SPAD is highly
sensitive, any carrier generated with no illumination can also produce the same current response
as the signal photons, reducing the effective sensitivity of the device [26]. A probability
measure is often used for reporting the effect of dark counts. The dark count probability,
denoted by pqc, is the probability that at least one dark carrier successfully triggers an avalanche
and is approximated as [25]]:

Pde = 1 — e~ NacPa, (2.25)

where Ny, is the average number of dark carriers in the multiplication region of the device and
Pa is the avalanche probability, the probability that a carrier initiates an avalanche. The average
avalanche triggering rate by dark counts is termed as the dark count rate and is denoted by Rqc.
The minimum count rate of the SPAD is limited by R4, which strongly depends on the SPAD
active area and increases with the temperature and the excess bias voltage. The requirements

of low dark count rates make the device fabrication very delicate [10].
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Photon Detection Efficiency

Photon detection efficiency (PDE) is commonly defined as the overall probability of registering
a count if a photon arrives at the active area of the SPAD. This depends on the SPAD quantum

efficiency n, and the avalanche probability p,. As such, PDE can be approximated as [34]:

PDE =n X p, . (2.26)

For most well designed SPADs, 7 is quite high (80 — 90%) [59]. The avalanche probability, p.,
is generally specific to a particular device structure and increases with the excess bias voltage,

since a higher electric field enhances the triggering probability [27].

Timing Jitter

The timing jitter is the statistical spread of the time interval between the photon arrival
and the generation of an output electrical pulse. In fact, timing jitter represents the timing
uncertainty due to the statistical nature of the impact ionization process. The jitter is typically
reported as either the standard deviation or the full-width at half maximum (FWHM) of the
corresponding distribution histogram. In any photon counting experiment, the maximum clock

rate is determined by the timing jitter, which reduces as the excess bias voltage increases [27]].

Crosstalk

Crosstalk is a phenomenon that takes place in SPAD arrays, when the avalanche in one SPAD
triggers an undesired secondary avalanche in a neighbouring SPAD. There are two types of
crosstalk: optical crosstalk and electrical crosstalk. In optical crosstalk, the secondary photons
released by an avalanche elsewhere may cause avalanches. In fact, when one SPAD detects a
photon, secondary photons may be emitted by the SPAD itself. These photons can be detected
by adjacent SPADs, resulting in optical crosstalk. The optical crosstalk increases when the
distance is reduced between array elements; hence, this phenomenon imposes a restriction on
the array density. However, it can be effectively reduced by using optical shields between array
elements. In electrical crosstalk, a carrier generated in one SPAD may trigger an avalanche
elsewhere. The electrical crosstalk is strongly reduced by insulating the multiplication region

of each SPAD [27].
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Fill Factor

Fill factor (FF) of a SPAD array, is the ratio of its photosensitive area to its total area. Generally,
FF is limited by the additional circuitry of the array. In low intensity conditions, FF plays an
important role, as fewer photons arrive at the SPAD. One of the drawbacks of the SPADs
integrated in CMOS|technologies is their relatively poor FF [27,60]]. Prior to 2010, the FF was
often less than 10% [9]. Recently, it has been improved through a number of techniques, e.g.
in [60], a [FFs of 57% is reported. However, this often comes at the expense of a significant

crosstalk effect.

2.2.3 Quenching Circuits

Quenching circuits directly affect the photon counting performance of the SPAD due to the dead
time they introduce. A slow quenching circuit limits the maximum count rate, or it may impair
the timing response. It is therefore important to choose the quenching circuit most suitable to
the desired application. For designing the quenching circuit and determining optimal operating
conditions of the SPAD to ensure proper static and dynamic SPAD behaviour, detailed and
accurate equivalent circuit models of the SPAD photodiode are essential [22,61]. Such a model
should precisely represent the transient behaviour of the SPAD element and its current-voltage
characteristics [14,/62,|63]. In the last twenty years, quenching circuits have been vastly
developed and their performance has remarkably been improved [20]. In the following, the

main approaches in designing quenching circuits are discussed.

2.2.3.1 Passive Quenching SPADs

Passive quenching (PQ) is the simplest method to quench the SPAD avalanche current. A PQ
circuit consists of a resistor, R, connected to the photodiode, as illustrated in Fig. 2.3. When
there are no charge carriers in the depletion layer of the photodiode, the current across Ry
is zero. Accordingly, the SPAD is biased with a voltage larger than its breakdown voltage
(Vs = V,r + Viex) and is ready to operate. The absorption of a single photon can now initiate an
avalanche breakdown. With the avalanche current flow, there will be a large voltage drop over
the resistor, which will reduce the voltage across the SPAD and stop the avalanche (quenching
stage). Then, the resistor R, will recharge the SPAD and the voltage across the SPAD slowly

increases from V},, to Vi, + Vox (recharging stage). As long as Vg is less than a threshold

24



Background

Vbr+ Vex
Rq
V()
Vin

Figure 2.3: Basic configuration of a PQ SPAD [20].

value V;y,, the SPAD is unable to detect any other photons, however, incident photons may still
initiate weaker breakdowns, resulting in further voltage drops across the SPAD and prolonging
the dead time. Once the SPAD is fully recharged and its voltage is above the breakdown level

again, the circuit is ready for the detection of a new photon [14,/15,20].

Fig. 2.4 shows an example voltage waveform for a PQ SPAD. With the arrival of the first
photon, the SPAD voltage drops to the breakdown voltage V4,.. The recharge process then starts
and the SPAD voltage slowly increases. Before the SPAD voltage reaches the threshold voltage
Vin, the second photon arrives and again Vg drops to V4. As a consequence, the total duration
of dead time is extended. Since the voltage is still lower than the threshold voltage, the second
photon is not registered by the comparator. Once Vg exceeds Vi, the dead time finishes and the
SPAD becomes operative again. The third incident photon is then successfully detected. The
PQ SPAD is also identified as a paralyzable detector where any photon arriving during the dead
time is not detected, but it extends the dead time [30,31].

The dead time depends on the value of the quenching resistor R, and the total parasitic
capacitance seen by the SPAD. The resistor R, should be very large to ensure reliable
quenching of the avalanche breakdown. But the larger I, the slower the recharge process.
In fact, the main drawback of the PQ SPAD is its slow quenching and recharging processes,

hence, a relatively long dead time, which limits the maximum count rate. If a high count rate is
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— detected photons
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Vin
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Figure 2.4: An example voltage waveform for a PQ SPAD. The PQ SPAD device is a
paralyzable photon detector. The duration of the dead time introduced by the
quenching circuit is not constant, that is, any photon arrival occurring during the
dead time is not counted, but it extends the dead time period [29)].

not required, then the PQ circuit is convenient, as it is robust, simple to implement and requires

a minimum of power or area [14,15,20].

2.2.3.2 Active Quenching SPADs

Although PQ is a very simple and convenient method, it has the disadvantage of a relatively long
dead time. To overcome this drawback of the PQ SPADs, active quenching (AQ) SPADs have
been introduced [14},16,20]. In Fig. 2.5, an AQ circuit with a switching element is presented. In
this circuit, R is very small compared to the ones typically used in PQ circuits. Once a photon
is detected and an avalanche is triggered, the voltage across the SPAD is immediately reduced
by closing the fast active switch, as shown in Fig. 2.5. The fast switch is a double-diffused
metal-oxide-semiconductor (DMOS)) field-effect transistor (FET), capable of withstanding the
required voltage and of switching in nanosecond time from a low series resistance (on state) to
a high series resistance (off state) and conversely. Such a fast switch is simple and compact and
has low power dissipation, since the driver dissipates power only during the transitions [14,20].
According to Fig. 2.5, the closing of this switch reduces the voltage across the SPAD to a

voltage below the breakdown voltage, V4, — V4, hence, the avalanche is quenched. This is
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Figure 2.5: Basic configuration of an AQ SPAD [20)].

to ensure complete termination of the avalanche current in the multiplication region, and to
prevent the dead time being extended by any other photons. The switch is kept closed for a
predetermined period (to minimize afterpulsing). As long as the switch remains closed, the
voltage is below the breakdown level and no new photons can be detected. After the switch
opens, the SPAD will be promptly recharged to the operating voltage, V;,, + Vex. Since R is
small, the recharge process happens very fast. However, with such a small resistor the avalanche

current is much larger [14, 16,120].

More complicated AQ circuits take advantage of a feedback loop to control the bias voltage
[14], where both the quenching and recharge processes are carried out very quickly using pulse
generators. Compared with the PQ SPAD, the configuration of the AQ SPAD is more complex

and requires more logic area and circuit power [14,16,20].

Fig. 2.6 shows an example of the voltage waveform for an AQ SPAD. It can be seen that when
a photon arrives, the voltage of the AQ SPAD, Vg, drops from V},, + Vix to below V4, quickly.
Vs is kept below the breakdown voltage for some time and is then increased to V. + Ve again
sharply. In this whole process, any photon arriving during the quenching or recharge processes
is not able to trigger an avalanche and is therefore lost. Unlike the PQ SPAD, the dead time
of the AQ SPAD is constant and is not extended by incoming photons. Thus, the AQ SPAD is

identified as a nonparalyzable detector [29].
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Figure 2.6: An example voltage waveform for an AQ SPAD. The AQ SPAD device is a
nonparalyzable photon detector. The duration of the dead time introduced by the
quenching circuit is constant, that is, any photon arriving during the dead time is
neither counted nor has any influence on the dead time duration [20].

Although the actual quenching time might not be so short in AQ SPADs, the quenching
transition and the recharge process are much faster than those in the PQ SPADs. This, along
with the nonextendable dead time of the AQ SPADs lead to higher count rates and less counting
losses, but at the expense of a higher complexity. In AQ SPADs, the avalanche photocurrent
and the afterpulsing probability are higher. Also, AQ circuits generally occupy larger areas
compared to PQ circuits, and this would reduce the FE in SPAD arrays [20].

2.2.3.3 Mixed Active/Passive Quenching SPADs

The quenching and recharge processes do not necessarily have to be both passive or both active.
For satisfying specific application requirements, mixed circuits can be an effective approach to
design simple and compact circuits. Mixed active/passive quenching circuits can combine the
advantages of purely passive and purely active quenching circuits. For example, consider a
circuit with passive quenching and active reset. In such a case, the SPAD is connected to both a
large resistor and an active reset circuitry. When an avalanche is triggered, the avalanche current

flows through the resistor, so the avalanche is initially quenched like in PQ circuits. Then, the
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active circuitry soon senses the avalanche. It keeps the SPAD quenched for a specific dead
time and then actively restores the bias voltage to the operating level [14]. Mixed quenching
circuits typically feature a smaller parasitic capacitance and therefore a much smaller avalanche
photocurrent, as in PQ circuits. They also offer a fast reset and a well-defined dead time, as in
AQ circuits. However, the integration of the photodiode and both quenching parts significantly
limits the FF in SPAD arrays, so integration is feasible for single SPADs or small size arrays

[20].

2.3 Related Works

SPADs have recently found applications in (OWC. The interest in this subject was initiated by
the work [64]] where MPPCs were proposed for OWC| systems dealing with low light levels.
The numerical results in [64] claimed that the MPPC can reach sensitivities of —70 dBm at
8.5 Mbits/s and —59 dBm at 140 Mbits/s, higher than the typical sensitivities of conventional
APDs. Since then, there has been a growing interest in this topic, however, the literature is
still scarce. Most of the related research articles are experimental studies and the theoretical
studies on the subject are limited. In the following, the main contributions of these articles are

highlighted.

2.3.1 Experimental Studies

Fisher et al. [9,10], have implemented a reconfigurable SPAD array in 130 nm CMOS
technology for photon counting in (OWC. The 32 x 32 SPAD array is designed for on-off
keying (OOK), pulse amplitude modulation (PAM) and pulse width modulation (PWM) and
works in two different modes: /AQ| and [PQL It has a [FF of 2.5%, a bandwidth of 100 MHz,
a dead time of 5.9 ns for PQ and 10.5 ns for AQ mode, and a dark count rate of 2.5 kHz per
SPAD. A maximum count rate of 58 GHz is observed, with a sensitivity of —31.7 dBm for a
bit error ratio (BER)) of 1079,

Chitnis et al. [8]], have designed and fabricated a small array of 64 SPADs in 0.18 pm CMOS
process and have tested it for OWC. The experimental results show that by using arrays
of SPADs, less optical power is required at the receiver to achieve a target BER. In [65]],
same authors have presented the measurement results of a visible light communication (VLC)

receiver consisting of a small array of 60 SPADs. The BERI performance of an |OOK system
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with and without a decision feedback equaliser, is reported for various data rates and dead times.
For a dead time of 10.8 ns, a data rate of 200 Mbits/s is achieved with OOK]| modulation and
a decision feedback equaliser. In [56], a SPAD-based VLC receiver achieves a sensitivity of
—64 dBm, a data rate of 100 kbits/s and a BER of 10~ with PAM signalling. In [57], an optical
link operating in indoor ambient lighting conditions is demonstrated which uses a SPAD array
receiver with 4096 elements. The link operates at a 2 m distance at a data rate of 60 Mbits/s
and a BER of 1073 without lensing. The results suggest that the use of SPAD arrays can help
to cope with strong background light conditions. In [54], a long distance SPAD-based VLC
system with a red LED/is demonstrated. Using a SPAD PD| with a dead time of 20 ns, a data
rate of 100 kbits/s and a BER of 1.22 x 1073 is achieved at a distance of 333 m.

In [66,67], the first attempt to determine when SPADs should be preferred to APDs is reported
and the potential benefits of using SPADs, rather than APDs, in the presence of ambient light
are quantified. The effects of dead time and the PDE on the sensitivity of the SPAD arrays are
investigated. The measured link performances of two systems containing an APD and a large
SPAD array (with PDE of only 8%) show that the SPAD-based receiver is more sensitive in the
darkness, while the APD-based receiver is more sensitive in typical ambient light conditions.
The simulation results in [67] suggest that a SPAD receiver with an improved PDE (e.g. 40%) is
significantly more sensitive than the APD-based receiver even in the ambient light conditions.
The experimental results with the large SPAD array also show that, when this large SPAD array
is used as the receiver, the transmitted power needed to obtain a target data rate increases rapidly
once the bit time becomes shorter than the width of the array’s output pulses. The maximum
OOK  data rate at which this receiver can operate efficiently is therefore limited by the width of

the output pulses.

In [68,69], a fully integrated SPAD array receiver is fabricated in a 0.35 pm CMOS process.
The array of four SPADs has a short dead time of 3.5 ns with an|AQ)|circuit and can achieve data
rates of up to 200 Mbits/s. A sensitivity of —43.8 dBm and aBER of 6.5 x 10~3 at 200 Mbits/s

are reported.

2.3.2 Theoretical Studies

In [7], it is demonstrated for the first time that the problem of continuous downhole monitoring
in the oil and gas industry can be effectively addressed by the use of a SPAD-based VLC

system. In this article, a SPAD array is considered, and the error probability of an (OOK
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system is analysed for a 4 km long metal pipe. The authors in [70] have investigated the signal
detection in SPAD-based [VLC! systems. A low-complexity receiver based on Anscombe root
transformation and an energy-efficient one dimensional constellation are proposed for the signal
detection over the Poisson channels. The authors have extended their methodology in [71,72]
to design optimal space constellations for SPAD-based multiple-input multiple-output (MIMO)
OWC(| systems. They have also applied Anscombe root transformation to the conventional
DC-biased optical OFDM (DCO-OFDM) to approximate the Poisson channels by Gaussian
channels without significantly increasing the detection complexity [73]. In [74]], an initial
attempt has been made to assess the error performance of PAM in SPAD-based systems.
In [75,/76] the performance of SPAD detectors in long distance VLC| links for under water
communication (UWC) is analysed considering the effect of the turbulence-induced fading
resulting from air bubbles in addition to the combined effects of attenuation and scattering.
In [77], a multiple LED| parallel transmission scheme is proposed for an under water visible
light communication (UWVLC) system with a single SPAD receiver. In [78-81]], various
receiver designs are proposed for SPAD-based systems with Poisson shot noise. The authors
in [82] investigate the likelihood detection of pulse position modulation (PPM) signals for a

photon counting array receiver in the presence of detector timing jitter.

In the aforementioned articles, i.e. [7,70-82], the impact of SPAD dead time has not been
considered and an ideal Poisson process is assumed for the photon counting process of the

SPAD detector.

In [83] and [84]], a SPAD-based orthogonal frequency division multiplexing (OFDM) system
is presented and the nonlinear distortion due to the saturation of the SPAD receiver, as well
as the BER! performance of both DCO-OFDM)| and asymmetrically clipped optical OFDM
(ACO-OFDM)) are investigated.

In [85], the feasibility of employing SiPMs for signal detection in UWC|systems is addressed.
For a typical under water link, the link performance is evaluated and compared for SiPM-
and |/APD-based receivers. The numerical results show that the link span can be increased
by the SiPM-based receiver. A follow-up study is conducted in [55], where the practical
considerations regarding the system implementation and the main drawbacks of SiPM devices
are addressed. In particular, the limited transmission data rates and the non-linear distortion in

relatively short ranges are pointed out.
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Authors in [55],83~85]], have assumed a Poisson distribution with dead time modified mean

value for the SPAD photon counting process.

In [86,87], a novel optical transmission scheme is demonstrated which is suitable for OWC
at ultra-low light levels. This method is inspired by time-correlated single photon counting
(TCSPC) techniques often used for fluorescence lifetime imaging [51] and operates under
the presence of both constant and modulated background noise. A 100 kbits/s link has been
reported with a BER of less than 1073 at a received power of 8.25 pW. The works of [86,87]
are fundamentally different as the data transmission is enabled by the encoding of data in the

timing statistics of the received photons, rather than the number of received photons.

In [88,89], a practical photon counting receiver in optical scattering communication (OSC)
with finite sampling rate, paralyzable dead time, and electrical noise is characterized where it
is shown that the dead time effect leads to sub-Poisson distribution for the number of recorded
pulses. An approximate photocount distribution is derived in [88,89]], which is only applicable

for extremely low photon rates.

In [90], the BER! performance of a SPAD array optical receiver is presented. The model
considers important nonidealities including dead time and the SPAD intrinsic parasitic effects
and provides approximations to the error probability of OOK modulation for bit times equal
to the dead time. The results show that the crosstalk makes the major contribution to the BER
as compared to dark counts and afterpulsing. The analysis in this article does not consider the

inter-slot interference (ISI) impairments arising from long dead times.

In [91], the bit error performance of a SPAD-based UWC system is evaluated considering the
characteristics of the underwater channel and also the impact of SPAD dead time. In this article,

our dead time-modified photocount distributions presented in [35] are adopted.
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2.4 Summary

In this chapter, a short overview of OWC was given with focus on the photodetection process.
The common PDs in OWC systems were reviewed. In particular, PIN diodes and APDs
were referred to. The details of their physical mechanism of operation, noise properties and
performance specifications in terms of gain, bandwidth and SNR! were reported from literature.
It was discussed that in photon-starving applications and long distance transmissions, where
the optical signal may be received at levels below the sensitivity of PIN diodes and APDs, PDs
with single-photon sensitivity, such as PMTs are required. The advantages and disadvantages
of PMTs were addressed. Then, the SPAD! detectors were brought into discussion as a
promising replacement for the PMTs in OWC applications. A short review for the past and
present applications of SPAD detectors was provided. Also, the operating mechanism and the
main performance metrics and the quenching circuits used for resetting the SPAD PDs were

reviewed. Finally, the related research articles were referred to.
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Chapter 3
SPAD Photocount Statistics

While single-photon avalanche diodes (SPADs) are an active area of development, there is not
enough theoretical analysis which would specify their photon counting performance limitations.
The unavoidable dead time caused by the quenching circuit has a substantial impact on the
photon counting performance of these photodetectors. From a communication theory point
of view, the dead time-induced counting losses not only degrade the bit error ratio (BER) of
a system, but also limit the achievable data rates. Particularly, in applications involving high
photon rates and in high data rate optical wireless communication (OWC), the SPAD dead time
causes significant data loss. Therefore, it is of great importance to accurately characterize the

effect of dead time.

The blocking probability of single-photon detectors is a metric which has been widely addressed
in the literature [32,33]. It is defined as the probability that the detector becomes inoperative
for some time after a detection event. Although, the blocking probability is a useful metric
for assessing the photon counting performance of single-photon detectors, it does not provide
a complete description of the shot noise. It is the photocount distribution that suffices and is

required for the performance evaluation of any SPAD-based OWC system.

In the absence of dead time, the SPAD photocounts follow a Poisson distribution. Likewise, in
the presence of dead time, a Poisson approximation is commonly used [7,55,70-85]. However,
this approximation does not provide an accurate description of the counting process and leads to
inaccurate and unrealistic results when evaluating the bit error performance of the SPAD-based

OWC system.

In this chapter, a comprehensive analytical approach is presented for modelling the SPAD
photon counting process. The mathematical framework is established based on the concepts of
arrival processes and the renewal theory. Throughout this study, it is assumed that the sampling
rate is very high compared to the dead time, so that the counting losses arising from finite
sampling rates are negligible. The photocount statistics of an ideal SPAD without dead time, an

active quenching (AQ) SPAD with a nonparalyzable dead time, a passive quenching (PQ) SPAD
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with a paralyzable dead time and a mixed AQ/PQ SPAD are precisely modelled. The exact
expressions for the probability mass function (PMFE), the mean and the variance of photocounts
are derived. This study reveals how the SPAD counting process deviates from a Poisson process

due to the dead time.

Nonparalyzable and paralyzable dead time count rate models are two approximate expressions,
well-known in literature, which provide estimations of the actual count rate of single-photon
detectors [30,31]]. These two models have also been adopted for SPAD detectors and have been
verified experimentally [29]]. In this chapter, the exact expressions for the count rate of the AQ
and PQ SPADs are also derived and it is shown that these models asymptotically approach the

existing approximate count rate models.

Moreover, in this chapter, the counting statistics of SPAD arrays are studied and approximate
expressions for their PMF, mean and variance are developed. It is shown that the impact of

both AQ and PQ dead times is eliminated in a sufficiently large SPAD array.

All the analytical expressions derived in this chapter are verified by Monte Carlo simulations.
These models are then used in Chapter 4/to assess the bit error performance of the SPAD-based

OWC systems, and in Chapter |5 to obtain the information transfer rate of the SPAD receivers.

The rest of this chapter is organised as follows. In Section 3.1| the required background for
establishing the mathematical framework is provided. In Section 3.2| the photon counting
process of the ideal SPAD is addressed. The statistical modelling of the photon counting
processes of the AQ SPAD, the PQ SPAD, the mixed AQ/PQ SPAD and the SPAD array is

presented in Sections 3.3-3.6. Finally, a summary of the chapter is given in Section 3.7.

3.1 Preliminaries

In this section, the concept of arrival processes with emphasis on Poisson processes is reviewed.
Some of the well-known results from the book by Snyder [92]] are presented. Also, some of the
principal elements and results in renewal theory are introduced, where the book by Cox [93] is
closely followed. These mathematical tools are applied in Sections 3.2-3.6| for modelling the

dead time-modified photocount distribution of SPAD receivers.

36



SPAD Photocount Statistics

—_— : — ; . } > ¢
0 4 5] L U %) lr1 Ik

Figure 3.1: Arrival and inter-arrival time sequences.

3.1.1 Arrival Processes

An arrival process is a sequence of increasing random variables 0 < t; < t < ---, known
as arrival times or occurrence times. The arrivals are also referred to as incidents or events.
We denote this sequence by {t;} and assume that the process starts at time ¢ = 0 and multiple

arrivals can not occur simultaneously [94]].

As illustrated in Fig. 3.1, the arrival process can be specified by two other stochastic processes.
The first is the sequence of inter-arrival times, wy, wo, ..., which are positive random variables
such that w; = ¢ and w; = t; — t;—1 for i > 1 and Pr{w; < 0} = 0. Given the sequence

{w;}, the arrival time ¢; is expressed as:

ti=Y w;. (3.1)
j=1

In order to characterize the arrival process by the sequence {¢;}, it is sufficient to determine
the joint probability distribution of the subsequences t1, to, ..., t; for all £ > 1. Similarly,
the joint probability distribution of w;, wa, ..., wy for all £ > 1 is sufficient to specify the
arrival process. When the inter-arrival times are independent and identically distributed (iid), it

is usually easier to specify the joint distribution of {wj;} than that of {¢;} [94].

The second alternative for specifying an arrival process is by the counting process K (t)
corresponding to it. The random variable K (¢), is the number of events in the interval (0, ¢].
We denote this counting process by { K (¢);t > 0} and assume that Pr{K(0) = 0} = 1, as
arrivals occur at strictly positive times. For any given ¢’ > ¢, denote the number of arrivals in
the interval (t — ¢'] by K (¢,¢') = K (') — K (t). For any given integer i > 1 and ¢ > 0, the ith

arrival time, ¢;, and the counting random variable, K (t), are related by:

Pr{t; <t} = Pr{K(t) > i}. (32)

37



SPAD Photocount Statistics

Definition 1. The counting process {K (t);t > 0} has the stationary increment property, if

K (t,t") has the same distribution function as K (t' — t) for every t' >t [92,/94].

Definition 2. The counting process {K (t);t > 0} has the independent increment property, if

the i-tuple of random variables K (t1), K (t1,t2), ..., K(t;—1,t;) are statistically independent,
for every integer i > 0 and every i-tuple of times 0 < t1 < tg < --- < t; [92,94].

3.1.1.1 Poisson Processes

Poisson process is an example of arrival processes for which the inter-arrival times are
1id random variables with exponential distribution; i.e., each random variable W; has the
probability density function (PDF) f,(w) = Xe™* for w > 0 and is memoryless'. The
parameter A is the rate or intensity of the Poisson process and At is the expected number of

arrivals in the interval (0, ¢] [92].

Homogeneous Poisson Processes

The Poisson processes are usually characterized by a constant arrival rate . In these cases, the
Poisson process is termed as a homogeneous or stationary point process. Homogeneous Poisson
processes have both of the stationary increment and the independent increment properties [92,
94]. Denote by p'¥)(t1, o, ..., t;) the joint probability density for the first k arrival times 1,

to, ..., ti. For a homogeneous Poisson process, pk) (t1,t2,...,tg) is given by [92]:

i MNoemMe <t <ty <<ty
P (ty, tg, ... k) = (3.3)

0, otherwise.

Non-homogeneous Poisson Processes

Non-homogeneous Poisson processes have a time-varying arrival rate A(¢) for ¢ > 0. These
processes have the independent increment property, however, they do not have the stationary

increment property [92,94]. For a non-homogeneous Poisson process, p(¥) (t1,to, ..., tg) is

' A non-negative non-deterministic random variable X is memoryless if for every z > 0 and o > 0,

Pr{X >z + a} = Pr{X > z}Pr{X > a}.

38



SPAD Photocount Statistics

given by [92]:

k ik
(H )\(t2>> exp | — /)\(J)dd , O<ty <t <o <ty
k) = i=1 (3.4)

0, otherwise.
The above expression is used later in Section 3.3| for obtaining the photocount distribution of

AQ single SPADs.

3.1.2 Renewal Theory

In the following, the concepts of product density functions and renewal processes are

introduced.

3.1.2.1 Product Density Functions

Consider the counting process {K (¢);¢ > 0} with the arrival time sequence of {t;}, i =
1,2,.... For this counting process, the random variable dK (t) denotes the number of events

in the small interval (¢, ¢ + dt]. A function f(t)dt can be defined such that [93]:
fi(t)dt = E[dK(1)], (3.5)

where E[d K (t)] represents the average number of events in the interval (¢, t 4+ dt|. Accordingly,
the product of two random variables d K (¢1) and d K (t2) can be defined as [93]:

falty, ta)dt1dts = E[dK (t1)dK (t2))], (3.6)

which is also equal to the joint probability of one arrival event in (¢1, ¢1+dt; ] and another arrival
event in (to,ts + dte]|. The function fo is called a product density of order two. Similarly, the

product density function of order k, f(t1,t2,. .., tx), is defined as [93]:
fk(tl, to, ... ,tk)dtldtg ceedty, = E[dK(tl) cee dK(tk)}, 3.7

where fi(t1,t2,...,tx)dt1dty - - - dtj represents the joint probability of one arrival event in the

interval (t1,t1 + dt1], one in (to, to + dto], ..., and one in (ty, ty + dtg].
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Assuming a Poisson arrival process and provided that 0 < ¢; < t9 < --- < g, the following
equation holds between the product density of order k£ and the product densities of order one
[93]:

Te(ti,ta, . te) = fi(ta) fite —t1) -+ fi(te — te—1)- (3.8)

The above equation implies that an event is given at ¢ = 0, and given this arrival event, the
probability that an event occurs between ¢ and t+dt is determined by f; (¢)dt and is independent
of what happened before ¢ = 0. This is a conventional assumption in most problems in renewal
theory. For the SPAD, this assumption means that the SPAD is blocked at the beginning of the
counting interval. We will proceed with our mathematical modellings under this assumption

and will relax it at the end.

Define p(k,t) = Pr{K(t) = k}. Thus, p(k,t) denotes the probability of k detection events
during the interval (0, ], given one arrival at ¢ = 0. The generating function (GF) corresponding

to p(k, t) is given by:
t)=> p(k,t)z". (3.9)
k_

The following property holds for G(z,t) and the product density of order & [93]:

t ot t
k t)
a G (2, //.../fk(tl,tz,...,tk) dtydts - - diy.. (3.10)
0 0 0
For a symmetrical fj, with respect to t1, to, ..., tx, (3.10) can be written as [93]:
8kG( t ty t3 to
2, t
5.7 k"/dtk/dtk 1- / /f1(t1)f1(t2—t1)'--f1(tk—tk—1)dt1-
0 0 0

3.11)

The following equation is concluded from (3.11):

t
0G(z,t
=0 —/ﬁmWL (3.12)
Z z=1
0
Now, let F1(s) = [;° f1(t)e™*'dt be the Laplace transform (LT) of the function f1(t) with

respect to the variable ¢. The LT of (3.12) is obtained as:

1 1

99 = X TR )

(3.13)
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where g(z, s) is the LT of the function G(z,t). Let also define P(k, s) as the LT of the function
p(k,t). The following diagram summarizes how the four functions p(k,t), P(k,s), G(z,t),

and g(z, s) are related:

G(z,1)
GF

LT
p(k, 1) \g(z, 5)

P(k,s)

Since g(z, s) is the GF of P(k, s), according to (3.13), P(k, s) can be obtained as [95]:

[F1(s)]"

1
P(k,s):g X W

3.14)
Therefore, if f1(t) or Fi(s) is known for a counting process, P(k, s), and hence, p(k,t) can be

obtained using (3.14).

3.1.2.2 Renewal Processes

Definition 3. A renewal process is an arrival process for which the inter-arrival times are liid

random variables.

Renewal processes are often described by a special type of integral equations known as renewal
equations, which represent the regenerative nature of the process, that is, the property that the
process restarts at each arrival time, independently of the past. In general, a renewal equation

is of the form [93]:

B(t) = b(t) + / B(t — #)dA(t), (3.15)
0

where A(t) is the cumulative distribution function (CDF) of the inter-arrival times, such that
A(0) = 0, b(t) is a known function and B(¢) is an unknown function. The solution to this
renewal equation, B(t), is obtained conditioned on the time of the first event and can represent

many quantities in the study of renewal processes [93].

If the counting process {K (¢);t > 0} is a renewal process, then a renewal equation can be
constituted for obtaining p(k,t). We make the assumption that there is an initial arrival at

t = 0. This assumption helps us to make our later mathematical derivations tractable, as the
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the properties of the renewal processes will be combined with the product density functions in

which an event at ¢ = 0 is a hidden assumption.

Denote by ¢(t) the probability of no events in (0, ¢], given one event at ¢ = 0. Thus, p(0,t) =
¢(t). Tt is also apparent that A(t) = 1 — ¢(t). For k > 1, the following renewal equation can

be considered:

t
p(k,t) = /p(k —1,t —t)dA(t). (3.16)
0

In the above equation, dA(t') = (—0¢(t')/0t")dt’ is the probability that the next event occurs
between t' and ¢’ + dt’, given the initial event at ¢ = 0. Also, p(k — 1,t — t')dA(t') represents
the probability of k — 1 events in the interval (¢#',¢) and one event at ¢ = ¢/, given the event
att = 0. This clearly shows the regenerative nature of the renewal process, i.e., the counting
process restarts at t = t'. By integrating over all admissible values of ¢/, p(k,t) is obtained.

Therefore, for k£ > 0, the total integral equation for this renewal process can be written as:

(k) = / plk—1,1— t')(—&gif/) Vit + 5(k)(L), 3.17)
0

where §(.) is the Dirac delta function and §(k) = 1 for £ = 0 and 0 otherwise. The following

equation holds for the GF corresponding to p(k, t):

Glot) = / 2 Gt — t’)(—a(g(;/) Jat' + (b). (3.18)
0

The LT of the above equation with respect to the variable ¢ is given by:

R O
14 2(s®(s) — 1)

9(z, ) (3.19)

where ®(s) is the LT of ¢(t). Since g(z, s) is the GF of P(k, s), according to (3.19), P(k, s)
is given by [95]:
P(k,s) = ®(s)(1 — s ®(s))". (3.20)

Thus, if ¢(t) or ®(s) is known for a renewal counting process, P(k, s), and hence, p(k,t) can

be obtained using (3.20).

The key results given in (3.14) and (3.20) are used later in Sections 3.3-3.5/for obtaining the
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photocount distribution of AQ, PQ and mixed AQ/PQ single SPADs.

3.2 Ideal SPAD

Assume that the photons arrive at the surface of the SPAD detector according to a Poisson
arrival process. For an ideal SPAD detector, the photocounts follow a Poisson distribution and
the probability of detecting k& photons during a time period of (0, 73,] is given by [1,5,42]:

()\Tb)ke_)‘Tb

po(k) = p(k, )lpey, = —— (3.21)

where the constant ) is the average photon arrival rate (in photons/s). Throughout this thesis,
we may also use the notation po(k; A) to distinguish between various values of the parameter
A. The mean and variance of the photocounts over the observation time of 7}, seconds are given
by [1,/5,42]:

o = o = \Th,. (3.22)

The photon arrival rate A is related to the power of the optical signal by [1,5,42]:

Py
A= s (3.23)
hv

where 7 is the quantum efficiency of the SPAD; Py denotes the power of the incident optical

signal; A is the Planck constant; and v represents the frequency of the optical signal.

3.3 AQSPAD

In this section, the dead time-modified photocount distribution of an AQ SPAD is derived.
Recall that in AQ SPADs, any photon arriving during the dead time is lost and has no influence
on the dead time period. It is only after this dead time that the SPAD is able to detect a
subsequent photon. Assume that the dead time is of length 7. If the SPAD is free at the
beginning of the counting interval (0, 7},], the number of photocounts during this period can
not exceed kmax = |11,/7] + 1, where | x| denotes the largest integer that is smaller than x. In
the sequel, the AQ SPAD photocount distribution pg (k) = p(k,t)|,_r, is obtained using two

different approaches: Poisson processes and renewal processes.
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3.3.1 Poisson Processes

Assume that 1, 1o, ..., t; are the photon arrival times such that 0 < t; < tgo < --- <t < Tj,.

Note that the probability of detecting k > kpax is zero. Therefore, py (k) = 0 for k > kpax.

The AQ SPAD photon counting process is an inhomogeneous Poisson process with the joint

probability density function p(*) (t1,t2,...,tr) given in (3.4). Therefore,

p(O) — b
p(l)(tl) — \e MTb—7)
(3.24)
p(k_l)(tl, to,... 7tk—1) _ )\k—le—)\(Tb—(k—l)T) ’
where t; +7 < t;4q fori = 1,2,..., k—1. The kth arrival time, {5, may or may not fall within

the last 7 seconds of the counting interval. Therefore, depending on #y:

(k) /\kef)‘(bekT), tr <Tp — T
Pt ta, . tr) = (3.25)
)\kef/\(tkf(k’;l)ﬂ, ty > 1Ty — 7.

For obtaining pg (k), the joint probability density function in (3.25) needs to be integrated over
the region spanned by ¢1, to, ..., tx. Region {RR} is defined as the set of all possible values
for arrival times t1, to,..., tx, and it can be divided into two subsets {R1} and {R2} such that
{R} = {R1}U{R2}. The subset { R } consists of all possible k-tuples for which the first case
of (3.25) holds, meaning that the detection of all k photons is entirely contained in (0, 73,]. For
the k-tuples of { Ry}, the second case of (3.25) holds and the dead time of the last photon (kth
photon) extends out of (0, T},]. Therefore, the probability of detecting & photons in the interval

(0, Ty, is given by:

prc(k) = p1(k) + p2(k), (3.26)
where,
pl(k) = / p(k) (tl, N ,tk)dtl s dtk (3.273)
{R1}
pa(k) = / POt t)dty - - dty, (3.27b)
{R2}

The arrival time sequence {t;} belonging to the subset {/R1} should satisfy the following
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inequalities:

0<t1 <ta—1

TSty Sl3—T

(k=21 < tp1 <tp—7

(k—1)r <t <Tp-—r.

The integral in (3.27a)) is calculated as (see Appendix A):

Mo = k7)* _\tykr)

pi(k) = Kl

(3.28)
For the subset {R2}, the arrival time sequence {t;} should satisfy the following inequalities:
0 S tl S t2 — T
T< tpg <itz—7T
(k=21 <ty <tp—7

Ty —17< t, <Tj

Also, p2(k) in (3.27b) is given by (see Appendix A):

k=1 \; ; k=1 \ ;
N (Ty, — k7))’ N(T — (E—1)7)°
pa(l) = S A Tb = k) b ) -k AN (i‘ )T AT (3.2
i=0 ’ i=0 ’
Define ¢ (i, \) = XNe=*/il and A\, = A(T}, — k7). Therefore:
k k—1
prc(k) =Y W (i, Ak) = D (i, A1) (3.30)
i=0 i=0

for k < kmax. This expression provides the probability of counting & photons by an AQ SPAD
with constant dead time 7. A similar approach has been previously used in [96], however, a

wrong assumption has led to invalid expressions.
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3.3.2 Renewal Processes

Recall from Section 3.1.2 that ¢(t) is the probability of no photon detection event during the
interval (0, ¢], given an event at t = 0. Thus, for the AQ SPAD:

e*)‘(t*T), t>T
o(t) = (3.31)
1, t<T
The LT of ¢(t) is given by:
1 Ae™ 78
b(s) = - — 3.32
() s (s+ ) (3-32)
According to (3.20), P(k, s) can be obtained as:
Neg—kTs )\k+16_(k+1)TS
k 3.33
Pk, s) = (s+ )k (s 4 \)kt1 (3-33)
The inverse LT from the above equation gives:
k,t t— kr)k-t
ap(at> ) _ ( T)' f)\(t k‘r)U(t _ ]{ZT)
o 534
+1 _
( kg' ) ) e =t (k+1)T)U(t _ (k‘—|— 1)7_)7
where U (t) is the unit step function:
1, t>0
U(t) =
0, t <0.
Therefore (see Appendix A),
k Alt— k+1 ) A\ k41 k_l)\i(t—k'r)i A k
_y M =tern) SO XERTD oxein (335
i=0 : i=0 v

The expression for p(k,t) in (3.35) is the probability of k photocounts in (0,¢], given one
photon at ¢ = 0. This means that the SPAD becomes free after ¢ = 7. Therefore, in order to
relax this assumption, ¢ can be replaced by ¢ + 7 in the above equation. Finally:

k—

1
p (k) = p(k,t)|,_p, = Zzp (i Ak) — > (i, Ne1), (3.36)
0

1=
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Figure 3.2: PMF of AQ SPAD photocounts for Ty, = 1 s, A\ = 3 x 107 photons/s and different
values of § (The solid line with marker represents a fitted curve for the discrete
PMF).

for k < kmax. The above expression was previously derived in Section |3.3.1 using the concepts

of Poisson processes.

The PMF obtained in in (3.30)/(3.36) is plotted in Fig. 3.2 and compared with the Monte Carlo
simulation results for different values of dead time ratio, § = 7/7},. For performing Monte
Carlo simulations, within a time interval of T3, seconds, a Poisson arrival process with average
rate of A photons/s is generated which represents the photon arrival times at the SPAD receiver.
Depending on the dead time duration, the total number of detected photons in this time interval
is counted, and this test is repeated for 10° times (to achieve a high accuracy), so that the
histograms in Fig. 3.2/ are obtained based on the collected data. In this figure, a time interval
of Ty, = 1 us is considered and A = 3 X 107 photons/s. Also, § = 0, 0.02, 0.05 and 0.07
are considered. Note that for a SPAD without dead time, the photocount distribution is Poisson
with mean AT}, as discussed in Section [3.2. For the PMF expression in (3.30)/(3.36), some of

the main properties are addressed as follows:

The Unitary Condition

As required for any valid distribution function, for the PMF in (3.36), the equality > px (k) = 1
k

holds. Furthermore, it is easily seen that lin%) pi (k) = po(k), that is, when 7 goes to zero, the
T—r
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Poisson distribution of an ideal SPAD is recovered.

Mean and Variance

The mean and variance of the photocount distribution in (3.36) are given by (refer to

Appendix C):

kmax—1 k
pr = kmax — Y Y W(i, k), (3.37a)
k=0 =0
kmax—1 & kmax—1 k 2
ol = D (2kmax — 2k — 1)ep(i, Ar) — <Z Zq/} Ak> . (3.37b)
k=0 =0

Again, as dead time goes to zero, the limiting relations lin%) pr = A1, and lin% o2 = N\,
T— T—
in (3.37a) and (3.37b) can be verified, where A\Tj, is the mean value of Poisson distribution

corresponding to an ideal SPAD.

Fig. 3.3a presents /1 and 0% for an AQ SPAD as functions of A where they are compared to an
ideal Poisson counting process. As shown, the difference between px and a%( becomes more

significant as A increases. Let the ratio of the variance to mean be defined as:
o
¢E=K. (3.38)

Fig. 3.3blillustrates this ratio where it approaches to zero as A goes to infinity, unlike the Poisson

distribution where this ratio is equal to one for all values of .

Asymptotic Mean for Small 7 /73, Ratio

The exact mean value in (3.37a) can also be expressed as follows:

Kmax—1
= Kmax — —, 3.39
k=0
s—1
where for a positive integer s, I'(s) = (s — 1)! and I'(s,z) = e *(s — 1)! Y  z"/i! are the
i=0

gamma and incomplete gamma functions, respectively [95]. Defining v(s,z) = I'(s, z)/T'(s),
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Figure 3.3: Mean and variance of AQ SPAD photocounts with Ty, = 1 us, 7 = 2 ns: (a)
comparison of mean and variance with ideal Poisson distribution, (b) the variance
to mean ratio.

the following approximation holds for v(k + 1, ;) when 7 /T3, goes to zero [95]:

1, E+1> XM
vk + 1, ;) =~
0, E+1< X
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Therefore, v(k + 1, \;) can be approximated as zero for k +1 < AT},/(14 A7), and 1,

otherwise. Applying the above approximation to (3.39) gives:

lim g = ATh (3.40)

/T, —0 1+ AT

The above expression has been derived in [97] through a different approach.

Effective Count Rate

The effective count rate of the SPAD detector is one of the most important practical
considerations when it comes to high speed applications. The effective count rate is defined as

the rate at which the SPAD can detect photons and is given by [31]:

N = “T—Ib{ (3.41)
As the dead time incurs counting losses and degrades pux, \ is also critically affected by the
dead time. The effective count rate, )\, is always less than the photon arrival rate, A. However,
M\ does not grow boundlessly by increasing A. Using (3.41) and the exact expression for iz
derived in (3.37a), an exact analytical model for the count rate of the AQ SPAD can be obtained.
In addition, using the approximate expression of u g derived in (3.40), an asymptotic count rate

model is developed as:
;A
EREDY

(3.42)

The above approximate model is well-known in the literature and has been verified through

experiments [29-31].

In Fig. 3.4, the effective count rate of the AQ SPAD is evaluated for various dead time
values and is also compared with Monte Carlo simulation results. In this figure, a normalized
counting interval (73, = 1) and three different values for dead time (= = 0.1, 0.01, and
0.001) are considered. For each value of A\, random photon arrival times are generated as a
Poisson process, and depending on the dead time duration, the registered photons are counted
accordingly. Again, the Monte Carlo simulation consists of 10° runs. This number ensures a
high accuracy and a perfect match with the analytical models. This figure demonstrates that the

predictions of the analytical framework perfectly match with the simulation results.

According to Fig. 3.4, as X increases, A" also grows up to a saturation level, meaning that the
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Figure 3.4: Effective count rate of an AQ SPAD (T}, = 1).

SPAD is not able to reach count rates higher than this value. In addition, for a given photon
arrival rate, longer dead times result in lower count rates and a lower saturation level. The count
rate model in (3.42) predicts a saturation level of 1/7 and this can be clearly observed in all the

curves of Fig. 3.4, e.g. with 7 = 0.1, A, = 10.

3.4 PQ SPAD

In this section, the dead time-modified photocount distribution of a PQ SPAD is derived. For
PQ SPADs, any photon arrival event is followed by a dead time. Thus, the photons which arrive

during the dead time of the previous photons extend the dead time duration.

Again, define p(k,t) as the probability of k& photocounts during the time interval (0, ¢], given
one detected photon at ¢ = 0. The next photon arrives between ¢ and ' + dt’ with probability
Ae= M dt’. If this photon arrives in (0, 7) it is not detected, but if it arrives after the dead time of
the photon occurring at ¢t = 0, it is counted. Therefore, the following renewal integral equation

can be constituted:

T t

plk,t) = e Mo(k) + / e Mp(k,t —t)dt' + / Ae Mplk—1,t—t)dt'.  (3.43)
0 T

In the above renewal equation, the first term in the right-hand side accounts for the case where
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no photon arrives at the SPAD. The second term is when the next photon arriving after ¢ = 0 is
lost, because it arrives during the dead time of the photon at £ = (. The last term represents the
case where the next photon arrives after the dead time of the photon at ¢ = 0 is finished, and

therefore this photon is detected. The GF corresponding to p(k, t) is given by:

t
Gz, t) =e M+ / Ae MGzt —t)dt + / e MGz —1,t—t)dt, (3.44)

T

Differentiating with respect to ¢ gives:

9G(2, 1)

_ — AT o .
Y =Xe T (z—-1)G(z,t—T). (3.45)

According to (3.44), it is clear that G(z,0) = 1, as p(k,0) = 1 if k£ = 0, and 0 otherwise.
Also, since no photon can be detected within the interval (0, 7), it can be concluded that if
0 <t < 7then G(z,t) = 1. And, if kg be an integer such that kg7 < t < (ko + 1)7, then,
G(z,t — kor) = 1. This requires G(z,t) to be an upper semi-continuous function of ¢. Thus,

the recurrence relation in (3.45) can be solved by iteration. Assume:
ZA )t —i7) U (t —iT). (3.46)

Substituting (3.46) into (3.45) gives:

A1(z) = Xe M (2 — 1) Ag(2)
Ae ™ (z — 1)A1(2)

2A2 (Z)

343(2) = Ae (2 — 1) Az(2)

koA, (2) = Xe ™ (2 — 1) Ap,_1(2).

In addition, the boundary condition G(z,0) = 1 directly leads to Ap(z) = 1 and the above

equations result in:

7! 7!

i ,—IAT ¢ ; o —IAT
Ay(2) = (2= 1)1 x 2 3 (1>z’f(—1)ik (e (3.47)
=0
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Figure 3.5: PMF of PQ SPAD photocounts for Ty, = 1 us, A = 3 x 107 photons/s and different
values of § (The solid line with marker represents a fitted curve for the discrete
PMF).

for i > 0. G(z,t) is then obtained as:

ko i /s A io—iAT '
G =33 <k> eyt A T i — i)

5 7!
=0 k=0 (3.48)

ko ko i ) ’L'ef’iAT )
Y <k>zk(—1)z—’ﬂA (i) U~ i),

k=0 i=k

According to the definition of generating function G(z,t) in (3.9), p(k, t) is the coefficient of
2¥ in (3.48):

ko i ) ie—i)\T .
p(k:,t)zZ(k)(—l)lk)\ —(t —i7) U (t — iT). (3.49)

: 7!
i=k

The expression for p(k, t) in (3.49) is the probability of &£ photocounts in (0, t| given one photon
arrival at ¢ = 0. Unlike the case of AQ SPADs, relaxing the assumption of one photon at t = 0
is not straightforward, as the PQ SPAD does not necessarily become free at £ = 7. However, we
resort to the same approach and replace ¢ by t+7 in the above equation. For the dead time values
and the photon rates considered here, this is a tight approximation. With the modification, kg

is replaced by kg + 1. Therefore, the counting distribution of a PQ SPAD in the time interval
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(0, T] is expressed as:

£ N\ X (T — (i — 1)7)F
pr(k) = p(k,t)—g, = > (—1)1"“(1))‘ @ — (i = V1) e T (3.50)

, k 7!
i=k
for k < kmax and pg (k) = 0 for k > kpax.

The PMF obtained in (3.50) is plotted in Fig. 3.5 and compared with the Monte Carlo simulation
results for different values of 6 = 7/73,. The approach for performing Monte Carlo simulations
is similar to the one presented for AQ SPADs. In Fig. 3.5, a time interval of 73, = 1 us is
considered and A = 3 x 107 photons/s. Also, § = 0, 0.02, 0.05, and 0.07 are assumed. Note
that for a SPAD without dead time, the photocount distribution is Poisson with mean \73,. For

the PMF expression in (3.50), some of the main properties are addressed as follows:

The Unitary Condition

It can easily be verified that the unitary condition ) px (k) = 1 holds for the PMF in (3.50)
i

and lir% pi (k) = po(k), that is, when 7 goes to zero, the PMF in (3.50) approaches the ideal
T—

Poisson distribution.

Mean and Variance

The mean and variance of the photocount distribution in (3.50) are derived as (refer to
Appendix D):
pr = e NTh, (3.51a)

02 = A2 (72 2T 1) + Ae M T, (3.51b)

The expressions in (3.51) have been derived in [97]] through a different approach. Similar to the
AQ SPAD, the limiting relations }11)% i = NI}, and P_r)% O'%( = X1}, in (3.51a) and (3.51b) can
be confirmed, where A7, is the mean value of the ideal Poisson distribution. Fig. 3.6a presents
px and O’%( as functions of A\. The mean and variance are also compared to an ideal counting
process where it is observed that unlike a Poisson process, px and a%( can differ significantly.
Fig.|3.6b illustrates the ratio £, as defined in (3.38) where the minimum occurs at A7 = 1 and

the & approaches 1 when At goes to infinity.
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Figure 3.6: Mean and variance of PQ SPAD photocounts with Ty, = 1 us, 7 = 2 ns: (a)
comparison of mean and variance with ideal Poisson distribution, (b) the variance

to mean ratio.

Effective Count Rate

Similar to the AQ SPAD, the effective count rate of the PQ SPAD is defined as:

/ 153:¢
== .52
A T (3.52)
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Therefore, based on (3.51a), the count rate of the PQ SPAD is given by:
N = Xe M. (3.53)

The above expression specifies how A depends on 7 and why it does not grow boundlessly by
increasing A. The count rate model of (3.53) is in line with the experimental results presented

in [29]], and this confirms the validity of our mathematical modelling.

In Fig. 3.7, the effective count rate of the PQ SPAD is evaluated and compared with Monte
Carlo simulation results. In this figure, a normalized counting interval (7}, = 1) and three
different values for the dead time (7 = 0.1, 0.01, and 0.001) are considered. According to
Fig. 3.7, as \ increases, first A’ grows up to a peak saturation point and then decreases rapidly.
Longer dead times result in lower count rates, an earlier saturation and a lower peak value.
Referring to (3.53), the peak count rate is A, = 1/(e7) and it occurs at A = 1/7. This can be

clearly observed in all the curves of Fig. 3.7, e.g. with 7 = 0.1, AL, ~ 3.7.

sat

In contrast to the AQ SPAD, which reaches a constant effective count rate after saturation, once
the PQ SPAD reaches its maximum count rate, a further increase in the photon arrival rate
will drastically degrade the photon counting performance and lead to reduced count rates. In
fact, the maximum count rate of the PQ SPAD is only achieved at a specific photon arrival rate
(A = 1/7). Furthermore, this maximum count rate is lower than the saturation count rate of an
AQ SPAD with the same 7. This is the reason why AQ SPADs are generally preferred over PQ
SPADs.

3.5 Mixed AQ/PQ SPAD

In this section, the dead time-modified photocount distribution of a mixed AQ/PQ SPAD is
derived. The AQ and PQ SPADs can be considered as special cases of this general hybrid
receiver. Suppose that the detected and lost photons are followed by two different dead times,
71 and 79, respectively. Assuming different dead time values for detected and lost photons
helps to clearly reflect distinct effects of paralyzable and nonparalyzable dead times on the
total renewal process. Assume that 71 > 7. In addition, we assume a normalized photon

arrival rate in the analytical derivations, for simplicity. The probability ¢(¢) that no photon is
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Figure 3.7: Effective count rate of a PQ SPAD (T}, = 1).
detected up to time ¢, given that a photon is registered at ¢ = 0, is:
¢(t) = [U@) = U(t = (11 — m2))] + ¢°(t = (11 — 72))U(t = (11 — 72)). (3.54)

In the above equation, the total probability of not detecting any photons is obtained as follows:
The first term in the right-hand side of (3.54) expresses the condition that no photon is detected
up to t < 71 — 79. If any photon arrives during time interval of (0,7 — 72), it is clearly lost
and is followed by a dead time of length 7, and this dead time won’t extend beyond the dead
time of the registered photon at t = 0, i.e. 7. Thus, ¢(t) = 1 for ¢t < 71 — 75. If any photon
arrives after 7, — 7, the dead time will be extended beyond 7. It is then valid to assume that
the detector is in paralyzable mode, where ¢P(t — (71 — 72)) represents the probability that no

photon is registered in time ¢t — (77 — 72). Applying LT to (3.54) gives:

1
(1 —e*(n=m)) 4 ¢=s(n=T2) P (). (3.55)

S

D(s)

In order to obtain ®P(s) and then ®(s), the product density of the first order for the paralyzable

mode is easily calculated as:

Pt)dt = U(t — mo)e” "dt. (3.56)
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The above expression results from arguing that a photon is detected only if it arrives after the
dead time of the photon at ¢ = 0 (f > 72) and it is also not preceded by any photon arrival event
in time interval (0, 72). Thus:

FP(s) = ée*(sﬂm. (3.57)

FP(s) and ®P(s) are related through (3.14) and (3.20):

1 1
HP(s) = = . 3.58
&) = T ) 528
Therefore, (3.55), (3.57) and (3.58) result in:
1
Fi(s) = (3.59)

sesTi+T2 | es(mi—T2) ] '

The same result is obtained for 7; < 7o following exactly the same arguments. According to

(3.14), for general values of 71 and 72, the following expression in is obtained for P(k, s):

—k —(k+1)
P(k,s) = % [(e‘erT2 + 63(71_72)> — (e‘STlJ“T2 + es(ﬁ_”)> } ) (3.60)

The inverse LT then leads to:

1 a+100 1 —k 1 —(k+1)
p(kvt) = / |: (687'1+T2 + 68(71*7'2)) _ = <€ST1+T2 + 68(7'177—2)) :|68td8

278 Jo—ico LS s

a+tico ©O0 _ s(t—kT1—r12)
i Z [e(k+1”)7'2(_1)r (k"—T 1>€ ]dS

27 S ino —~ r shtr+l

a+ico s(t—(k+1)m —rr:
1 Z [6_(1€+7"+1)7’2(_1)T’ <k + T’) € ( ( ) ! 2)] dS.

270 Joino = r ghtr+2

(3.61)

The following equality holds for ¢ > 0 [95]:

1 a+100 6st tk_ 1

a—100 ka (k - 1)' ‘

2mi
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Thereby, the final expression for p(k, t) is obtained as:

K k+r
B (k+r—1\(t—kr —rm) (k72

(3.62)

o f (_l)r k+r (t - (k + 1)7—1 - TT?)k+T+1 e—(k+r+l)7'2
r (k+r+1)!

)

r=0

where K1 and K, are integers such that:

t—k t—k
7—1—1<I(1< E
T T
t—(k+1 t—(k+1
t=(k+1mn )71—1<K2<7( +Un
T T

When 71 # 0 and 72 # 0, p(k, t) is given by a finite series. Particular cases include:

e With 7y = 75 = 0, the Poisson distribution for an ideal SPAD, given in (3.21), is obtained.
e With 7o = 0, the photocount distribution for an AQ SPAD, given in (3.35), is obtained.

e With 71 = 7, the photocount distribution for a PQ SPAD, given in (3.49), is obtained.

3.6 SPAD Array

To eliminate the effect of dead time and to achieve higher count rates, an array of SPADs can be
used. The output of a SPAD array is the aggregate number of all photons detected by individual
SPADs over the same time interval. Other than the dead time of the single SPADs, the fill
factor (FF) of the SPAD array affects the photocount distribution. Figure 3.8 illustrates the
configuration of a rectangular SPAD array. The FF coefficient, Crp, is equal to the ratio of the
active area (the grey areas) to the total area of the array. Assume that the array consists of Nurray
single SPADs, and the photocounts of the array elements are statistically independent. Denoting

by K; the number of photocounts at the ith element, the output of the array is expressed as:

S = K;. (3.63)

In the absence of dead time, the random variables K; are 1id with Poisson distribution. However,

when the dead time is present, K;’s follow the PMF expressions given in (3.36) or (3.50), for
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Figure 3.8: Geometry of a SPAD array.

AQ|or PQ SPADs, respectively. Therefore, the PMF pg (k;) for the ith element of the array can
be rewritten with \; and 7; denoting the average photon arrival rate and the dead time of the ith
SPAD in the array, respectively. To take the effect of FF into account, A; in the PMF expression

should be replaced by Crr ;.

If the number of array elements, Nayray, is large, according to the central limit theorem (CLT),
the dead time-modified photocount distribution of the SPAD array can be approximated by a

Gaussian distribution, that is:

ps(s) ~ N(us,0%), (3.64)

where,
N, array

s =Y Hi (3.652)
i=1

Narray

o= Y ol (3.65b)
=1

In (3.65), u; and 01-2 are the mean and variance of the photocount distribution of the ¢th SPAD
in the array as previously derived in (3.37) and (3.51), for AQ and PQ SPADs, respectively.

The approximate counting distribution given in (3.64) is compared with the Monte Carlo
simulation results in Fig. 3.9 for both AQ and PQ SPAD arrays. In these figures, AT, is the
average number of photons incident on the whole surface of the array in the counting interval of

length 73,. When obtaining these results, it is assumed that all the array elements are identical
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Figure 3.9: PMF of SPAD array photocounts with ATy, = 300 photons, Crrp = 1 (The solid
lines with markers represent fitted curves for the discrete PMF's).

(equal 7;’s) and the incident light beam has a uniform spatial distribution over the array surface

(equal \;’s), i.e. A is equally divided between the individual SPADs.

In Fig. 3.9a, arrays with 64 SPADs and in Fig. 3.9b, larger arrays with 1024 SPADs are
considered. As shown, the Monte Carlo simulation results and the Gaussian approximations

are perfectly matched and this confirms the validity of the approximation.
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In Fig.[3.94, it is observed that while for § = 0.01, the photocount histogram of the AQ SPAD
array approximately matches that of the PQ SPAD array, the difference is still apparent for
0 = 0.1. However, according to Fig. 3.9b, the photon counting behaviour of the AQ and PQ
SPAD arrays tends to match for larger array sizes, provided that the average number of photons
per counting interval does not result in the saturation of the SPAD elements. It is also seen that
for the same ¢ and AT}, the array with 1024 SPADs has a higher mean value. This means that
the counting losses arising from the dead time are mitigated to some extent if a larger array is

used.

Effective Count Rate

The effective count rate of the SPAD array improves as the number of array elements increases.
Assuming identical array elements and constant photon arrival rate, the count rate models of

(3.42) and (3.53) can be modified for an array of Ny;ray SPADS:

A

Q= T (3.66a)
* Narray
AT
ho = Ae Narray, (3.66b)

The comparison between the above dead time-modified count rate models and the Monte Carlo
simulations is given in Fig. 3.10. In this figure, the effective count rate of AQ and PQ SPAD
arrays of two different sizes (Narray = 64 and 1024) and three dead time values (7 = 0.1,
0.01 and 0.001) are compared. According to these curves, the saturation and peak count rates
are scaled by the size of the array compared to a single SPAD. Still, the dead time limits the
maximum achievable count rate and determines the saturation level or peak value of the count
rate curve, but the effect is shifted to higher photon rates. According to the expressions in (3.66)
and Fig. 3.10, we can infer that with an array of Nuray SPADs, the effective dead time reduces

t0 7 /Narray-

Recall that in a SPAD array, the incident light intensity is divided between the array elements. It
is then very unlikely that all the SPADs become inactive at the same time. Therefore, the array
can detect a larger portion of the incident light intensity, i.e. a higher number of photons per

counting interval. In addition, the dead time-induced counting losses decrease as the size of the
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Figure 3.10: Analytical (solid and dashed curves) and simulation (asterisks) results for
effective count rate of SPAD arrays (11, = 1 and Cyp = 1).

array increases, such that in sufficiently large arrays AQ and PQ SPADs show a similar photon
counting performance. This can be clearly observed in Figs.|3.9 and 3.10. Therefore, it can be
concluded that using an array of SPADs makes it possible to reduce the effect of dead time and
achieve higher counting rates. This means that SPAD arrays are more robust to dead time and

can tolerate longer dead times, maintaining the required photon counting performance.
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3.7 Summary

In this chapter, the photocount statistics of SPAD photodetectors were studied. The concepts of
arrival processes and renewal processes were applied to investigate the impact of the detector
dead time on the photon counting process of SPADs. Analytical expressions were derived for
the PMF, mean, variance and count rate of the photocounts. The study was conducted for both
single SPADs and SPAD arrays considering the effect of various dead time types imposed by
AQ, PQ|and mixed |AQ/PQ)|circuits. It was shown that the commonly used Poisson distribution
can not accurately describe the counting statistics of the SPAD detector with non-zero dead
time. The dead time limits the maximum number of photons the SPAD can detect in the
desired counting interval. Unlike the Poisson distribution with equal mean and variance, for
the SPAD photocount distribution, the mean and variance are not equal and they do not change
linearly with the incident photon rate. As the photon rate increases, the dead time counting
losses increase and the moments deviate more from those of a Poisson distribution. Also, AQ
and PQ single SPADs exhibit distinct photon counting behaviours, especially for longer dead
times and/or in higher photon rates. The AQ single SPADs experience less counting losses and
achieve higher count rates compared to the PQ single SPADs. In the SPAD arrays, the dead
time losses are reduced. The effective dead time decreases with the size of the array and hence,
the gap between the photon counting performance of the AQ and PQ SPADs almost disappears

in sufficiently large arrays, in the photon rate range of interest.

This detailed statistical analysis was necessary to derive the later receiver performance
evaluation results. As the next steps, the models developed in this chapter are to be used in
Chapter 4 for assessing the bit error performance of the SPAD-based OWC systems, and in

Chapter |5 for obtaining the information transfer rate of the SPAD receivers.
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Chapter 4
SPAD-based Optical Systems

In recent years, single-photon avalanche diodes (SPADs) have drawn particular attention in
the field of optical wireless communication (OWC), and this has led to a number of analytical
and experimental studies among the scientific research community [8-10,83]. Most of the
existing studies appreciate the presence and impact of dead time on the overall performance of
the systems and several studies and experiments suggest that the impact of dead time can be
mitigated by employing arrays of SPADs [8,65,83]. However, there is a lack of an in-depth
analysis and understanding of how exactly the dead time distorts the data reception and why

systems consisting of SPAD arrays are more tolerant to dead time.

In this chapter, the effect of dead time on the bit error performance of a SPAD-based OWC
system is investigated. The block diagram of this system is shown in Fig. 2.1, An ideal
optical channel is considered here, as the aim is to purely focus on the receiver side. On-off
keying (OOK) and binary pulse position modulation (BPPM) are the modulation schemes
considered in this chapter. In these binary modulation schemes, each bit is sent individually
by transmitting one of two optical pulses over an interval of length 73, seconds and the optical
intensity modulated signal is transmitted by an optical source. In this system, the data rate is
expressed as Ry, = 1/T}, bits/s. At the receiver side, direct detection (DD) is applied where
the received optical signal is photodetected by the SPAD. During each bit interval, the number
of photocounts is processed to decide which of two optical pulses is received, and then the
transmitted bit is determined. In this photon counting system, the background noise counts and
the SPAD dead time determine the bit error ratio (BER) of the system. All sources of noisy
counts (arising from dark counts, afterpulsing, and ambient light) are referred to as background

noise and are described by an additive Poisson noise model.

In the first part of this chapter, an OWC| system consisting of an active quenching (AQ) or a
passive quenching (PQ) single SPAD is considered. Assuming independent count statistics over
different bit intervals, the photocount distributions derived in Chapter 3 are used for the bit error
performance analysis. The results demonstrate that the SPAD dead time critically degrades the

BER| especially in systems with PQ) single SPADs.
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In the second part of this chapter, the bit error performance of an IOWC system with a
SPAD array is investigated. Again, by assuming independent count statistics over different
bit intervals and using the Gaussian photocount distributions derived in Chapter 3, the exact
and approximate error probabilities of an (OOK! system are derived. The results depict that
SPAD arrays are more robust to the dead time losses and larger arrays exhibit shorter effective
dead times. It is also shown that the SPAD array can better cope with the background noise and

requires much lower optical powers to achieve a target BER, compared with single SPADs.

The rest of this chapter is organised as follows. In Section 4.1, OWCl|systems with single SPAD
receivers are studied. In Section 4.2, OWC systems with SPAD array receivers are addressed.

A summary of the chapter is given in Section 4.3.

4.1 OWC Systems with Single SPAD Receivers

4.1.1 On-Off Keying (OOK)

OOKlis a common modulation technique for intensity modulation and direct detection (IM/DD)
systems, because of its bandwidth efficiency, easy implementation, simple receiver design, and
cost effectiveness. In OOK, the information bits are transmitted through the intensity of light,
where the presence of a pulse denotes a bit ‘1’ and the absence of a pulse denotes a bit ‘0’,

during each bit interval.

Denote by A\ and A, the photon rates from the signal and the background noise, respectively.
Let Ky = AT}, and K, = A\,Tj, represent the average number of signal and background noise
photons per bit interval T}, respectively. Define p,, (k) as the probability of detecting k& photons
in the bit interval, when ‘0’ has been sent and pg, (k) as the probability of detecting k& photons,

when ‘1’ has been transmitted. Therefore:

pn(k) = pK(k'§ Am)a
psn(k) = pK(k; s + >\n)'

4.1

where pg (k; A) is the dead time-modified photocount distribution of an AQ/PQ single SPAD
given in (3.36)/(3.50).
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Hypothesis Testing

OOK demodulation is accomplished by a classical binary detection process: Let hypothesis
“Hy” represent the case when a ‘0’ is sent (noise only) and “H;” represent the hypothesis that
a ‘1’ is transmitted (signal plus noise). The aim is to determine the optimum rule for deciding
which hypothesis is true based on a single observation. This simple binary hypothesis testing
problem is often formulated using the Bayes criterion, where the decision should be made
according to the well-known likelihood ratio test to minimize the probability of error [98]]. In
this test, the likelihood ratio is defined as:

_ Pr{k|H}

where Hy and H; are assumed to be equally probable, and Pr{k|H;} is the probability of
detecting k photons given that H; is true. With this detection strategy, the probability of error

for the case of equally likely bits is minimized [98]].

For an ideal SPAD with Poisson statistics as discussed in Section 3.2, the likelihood ratio test

of (4.2) is expressed as [1]:

k
L(k) _ po(k;/\s + /\n) _ e_>\sTb<)\s + /\n> H,

> 1, 4.3)
po(k; M) An o

where po(k; \) was defined in (3.21). Taking the natural logarithm from both sides gives:

H
k 21 )\sTb

Ho 1y (1—|—j\\s>

Therefore, the maximum likelihood test simplifies to a threshold test for an ideal SPAD [1].

4.4)

For a SPAD detector with dead time, the likelihood ratio is given by:

. H
_ psn(k) _ pK(k7 As + An) 21 1 (4.5)

L(k) pn(k) pK(k; An) Hy

The complicated mathematical expressions of pg, (k) and p, (k) (for both AQ and PQ single
SPADs), makes the algebraic manipulation of L(k) intractable. For given values of s and
An, if L(k) is monotonic with respect to k, the test in (4.5) is equivalent to a single threshold

test, i.e. the maximum likelihood detection is achieved by a threshold comparison. But it
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is even more challenging to check the monotonicity of L(k) using finite differences (discrete
derivatives). For an AQ SPAD with small dead time ratio (6 < 0.1), an approximate photocount
distribution can be provided (see Appendix B)) and it can be proved that the above likelihood
ratio test leads to a single threshold test (see Appendix E). For other cases, no such proof
can be provided. However, we conjecture that the threshold detection is optimum in general.
Our extensive numerical investigation of the monotonicity of L(k) and the BER results in

Section 4.1.3|strongly support this conjecture.

Probability of Error

With the maximum likelihood detection rule given in (4.5), the probability of error is expressed

as:

Po=- > pn<k)+% > pa(k). (4.6)

{k:L(k)>1} {k:L(k)<1}
Hereinafter, the threshold detection is adopted for the error probability calculations. The
number of detected photons is compared with a threshold ki},. An error will occur if k < kg,
when ‘1’ is sent, or if £ > ki, when ‘0’ is sent. The probability of error for equally likely bits

is then given by:
1 kmax kt h

1
Po=5 D>, ma(k)+5) pa (k). 4.7)
kzkth-l-l k=0

This equation holds for both AQ and PQ SPADs, however, for each case, the corresponding
photocount distribution should be considered. The error probability, Pe, highly depends on kij,.
The lowest probability of making an error occurs at the value of ki, where dP,/dky, = 0. It
is in general challenging to obtain a closed-form expression for k. Nevertheless, for an AQ

SPAD with 7 < T3, the optimum threshold k}, is derived as (see Appendix F):

kin = AT N 48)
AsT +1n (1 + )\i>
and the expression for P, given in (4.7) simplifies to (see Appendices E|and F):
11 1
Po=5 -3 kz_oy) (ks An(Th — k) + 5 kz_o¢ (k, (s + A)(Th — k7). (49)
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4.1.2 Binary Pulse Position Modulation (BPPM)

The basic disadvantage of OOK signalling is that the average photon rates Ag and A\, must
be known to optimally set the threshold. BPPM signalling avoids this difficulty by using
pulse-to-pulse comparison for detection. In BPPM modulation, the optical pulse is sent in one
of two adjacent time intervals, each of length 73},/2 and then the output counts are compared
over each half-bit interval. A ‘1’ is sent as a pulse in the first half of the bit interval, and a ‘0’
as a pulse in the second half. At the receiver side, the SPAD separately counts the number of
photons over the two half-bit intervals which are then compared for bit decoding. Since the
pulse slot is half of the bit interval, the receiver bandwidth must be higher than for the OOK

system [1].

In BPPM, an error is made if the number of photocounts in the pulsed slot does not exceed that

of the non-pulsed slot. Hence:

Fe= Z Z psn kl pn k’2 Zpsn pn (410)

k1=0 ko=k1+1

The second term in (4.10) accounts for the possibility of equal counts in half-bit intervals, in

which case a random choice will be made.

4.1.3 Numerical Results and Discussions

In the following, the bit error performance results are presented and the analytical/numerical
results are compared with Monte Carlo simulation results. The BERI results are plotted as
a function of K for various K, values and § = 7/T},, where K and K, are defined as
the average K and K, per bit interval, respectively. Therefore, for both OOK and BPPM,
K, = 0.50\T}, and K, = \,T},. In all the figures, T;, = 1 us is considered, unless stated
otherwise. For performing the Monte Carlo simulations, a stream of 10° bits is randomly
generated. Depending on the modulation scheme, in each time slot (bit interval in OOK and
half-bit interval in BPPM), a Poisson process with rate )\, (only noise) or A\s + A, (signal and
noise) is simulated and the counting process is simulated according to the Monte Carlo methods
presented in Chapter 3. Note that when the SPAD receiver is counting in consecutive intervals
(as inOWC|systems), the dead time of the last detected photon in each interval may overlap the

next interval(s), so that the counting statistics of adjacent intervals become correlated. In OWC
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systems, this can be considered as inter-slot interference (ISI). Throughout the calculations and
simulations, it is assumed that the dead time is short relative to the bit intervals (7 < 0.17})

such that the [SIis negligible.

4.1.3.1 AQSPAD

First, we graphically represent L(k) or In L(k) given in (4.5) in Fig. 4.1/ to support the
statement that the threshold detection is optimum in the presence of dead time. In this figure,
In L(k) is numerically calculated for admissible values of k. To have a better insight into the
behaviour of the function In L(k), different values of §, A\s and )\, are considered. According
to Figs. 4.1a-4.11, it is observed that the function In L(k) (and hence L(k)) is monotonically
non-decreasing for various values of §, A\; and A,. This monotonicity implies that for each
triple of (J, As, An), there exists a unique integer ki, such that the test:

Hy

k 2 kg

Ho

is equivalent to the test given in (4.5)). Therefore, the maximum likelihood (ML) detection rule

reduces to a single threshold (TH) detection test.

The BER results for the AQ SPAD-based optical system with OOK modulation are provided
in Fig. 4.2, In this figure, the error probability of OOK systems with ML/ detection and TH
detection are compared with the Monte Carlo simulations, resulting in perfectly matching
curves. The analytical calculations are based on the expressions given in (4.6) for the ML
detection, and (4.8)) and (4.9) for the TH detection. According to Figs. 4.2a and 4.2b, ML and
TH detections show an excellent match for all cases, confirming that for the specified range of

values in these figures, the ML detection and the TH detection are equivalent.

In Fig. 4.2a, § = 0.001 and 0.01 are assumed, while in Fig. 4.2b), the dead time ratio is § = 0.1.
According to Fig. 4.2a, the BER depends strongly on the background noise level. For K,, = 0
and 2, the BER is slightly affected by the SPAD dead time. This becomes more significant
when K, increases. Also, it is apparent that for a given K, a higher signal power is needed
to maintain the system performance in the presence of a longer dead time. In other words, to
achieve a particular BER, the larger ¢ is, the higher K should be. It is observed in Fig. 4.2b that
6 = 0.1 degrades the system performance significantly and the SPAD is saturated with lower

signal and/or background noise levels. In this case, kmax and kyy, are small, and the ripples in
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Figure 4.1: Log-likelihood ratio for the AQ SPAD (T}, = 1).

the BER curves are because of discrete threshold values. For the quantum-limited cases, i.e.

K, = 0 curves, the threshold ki), is zero and no ripples are observed.

Fig. 4.3 provides the BER results for an AQ SPAD-based optical system with BPPM

modulation. It is observed that, in the absence of the background noise, the effect of dead time
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Figure 4.2: OOK bit error performance of an AQ SPAD-based system: (a) 5 = 0.01,0.001 and
(b) 6 =0.1.

on BER is negligible for small values of K, as in Fig. 4.3a. However, when the background
noise is present, the BER becomes very sensitive to the dead time, such that higher dead time
values lead to higher error probabilities. It should also be noted that, as seen in Fig. 4.3b,
the BER severely degrades when 6 = 0.1. In this case, the SPAD becomes saturated with

lower signal and/or background noise levels. Also, for stronger background noise levels, the
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Figure 4.3: BPPM bit error performance of an AQ SPAD-based system: (a) 6 = 0.01,0.001

and (b) 6 = 0.1.

saturation happens at lower signal levels.

Note that OOK uses pulses twice as long as BPPM, and therefore, has higher signal and

background counts. Therefore, a fair comparison between OOK and BPPM systems can be

made if the same average signal and background noise powers are assumed. For the systems
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under consideration, average signal and background noise powers are directly proportional to
K, and K, respectively. Thus, it is fair to compare the BER performance of the OOK and
BPPM systems as presented in Figs. 4.2 and 4.3| Based on Fig. |4.2a and Fig. 4.3a, OOK and
BPPM show almost similar performance when the background noise is present and the dead
time ratio is very small. For larger dead time ratio (6 = 0.1 as in Fig. 4.2b/and Fig. 4.3b), in the
presence of the background noise, the OOK system shows slightly better BER values. For ideal
quantum-limited OOK and BPPM (K, = 0) without any dead time counting losses, OOK has
3 dB better BER performance as discussed in [1]. As illustrated in Figs. 4.2|and 4.3, consistent
results are achieved in the presence of dead time for the range of interest, since the effect of

dead time is insignificant in the quantum-limited conditions.

4.1.3.2 PQSPAD

In Fig. 4.4, the function In L(k) given in (4.5) is graphically represented for the PQ SPAD
for various values of §, A\s, A\, and all the admissible values of k. It is observed that the
monotonicity direction of In L(k) depends on A and )\, . For example, keeping \,, constant, at a
specific value of \g, the monotonicity of In L (k) changes from monotonically non-decreasing to
monotonically non-increasing. In Figs. 4.4aland 4.4d with § = 0.1, in the specified ranges of g
and \,, the change in the monotonicity direction of In L(k) is observed. Since the monotonicity
of the function is guaranteed for each specific value of Ag and A, still a single threshold test
is effective. However, care must be taken in probability of error calculations. According to
Figs. 4.4b-4.4c and Figs. 4.4e-4.4f, with § = 0.001 and 0.01, for the specified ranges of Ag
and A, the function In L(k) (and hence L(k)) is monotonically non-decreasing, and therefore

the maximum likelihood detection can be achieved by a single threshold detection test.

Fig. 4.5 demonstrates the BER curves of a PQ SPAD-based system with OOK modulation.
In this figure, the error probability with the ML detection, given in (4.6), and the error
probability with the TH detection, given in (4.7), are numerically evaluated and compared with
the simulation results. The threshold value is also obtained numerically. It is again observed
that the ML and TH detection rules yield perfectly matching curves, confirming that these two

detection schemes are equivalent in the range of interest.

Similar to the BER results of the the AQ SPAD, three different values of § are considered here.
In Fig. 4.5a, 6 = 0.001 and 6 = 0.01 are assumed, and in Fig. 4.5b the dead time ratio is equal

to 0.1. Again, § = 0.1 severely degrades the error performance and results in SPAD saturation.
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Figure 4.4: Log-likelihood ratio for the PQ SPAD (T, = 1).

Recall from (3.53) that the maximum count rate of the PQ SPAD occurs at the point A = 1/7.
The lowest BER also occurs at this point. Therefore, in each BER curve, the lowest BER
happens at A\s + A\, = 1/7 or equivalently K + K, = 1/§. This is clearly seen in Fig. 4.5b,

e.g. for K, = 0, the minimum occurs at K = 5. After this point, the counting losses due to the
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Figure 4.5: OOK bit error performance of a PQ SPAD-based system: (a) § = 0.01,0.001 and
(b) 6 =0.1.

dead time drastically increase. So the BER increases until the paralysis behaviour (see Fig.|3.7)
causes the average photon count of the pulsed slots to become lower than that of the non-pulsed
slots. Our extensive numerical calculations show that at this latter point, the monotonicity of
the likelihood ratio function L(k), given in (4.5) changes from monotonically non-decreasing

to monotonically non-increasing. In such cases, keeping the definition of the hypotheses H)
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Figure 4.6: BPPM bit error performance of a PQ SPAD-based system: (a) § = 0.01,0.001
and (b) 6 = 0.1.

and H; as before, the direction of the likelihood ratio test presented in (4.5) should be reversed

and the error probability expressions should be modified accordingly. This has been done for

obtaining the results of Fig. 4.5b\

The error probability of a PQ SPAD-based optical system with BPPM, given in (4.10), is in the
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form of discrete summations, and therefore can be calculated numerically. Fig. 4.6 shows some
plots of the BER results for this system. Similar to the previous cases, in the absence of the
background noise, the effect of dead time on the BER is negligible. However, if the background
noise is present, the dead time degrades the BER. Again, it is seen that the error performance
is severely affected by larger dead time ratios (0 = 0.1) and the lowest BER occurs at the

maximum count rate, as predicted.

4133 AQ SPAD vs. PQ SPAD

As stated earlier, when using PQ SPADs, any photon arriving during the dead time is not
detected but is assumed to extend the dead time period, while for AQ SPADs, any photon
arriving during the dead time is neither counted nor has any influence on the dead time duration.
Thus, assuming the same dead time duration, in a bit interval of length 7}, the average
number of photocounts by an AQ SPAD is generally higher than that of a PQ SPAD. This
can be observed from Figs. 3.2 and 3.5, Furthermore, this behaviour directly affects the BER
performance. When the dead time duration only is one order of magnitude lower than the bit
interval (0 = 0.1), the difference of AQ and PQ SPADs is perceptible, as observed in Fig. 4.2b
and Fig. 4.5b for OOK modulation or in Fig. 4.3b/and Fig. 4.6b for BPPM. For the AQ SPAD,
increasing the signal photon rate (or the signal count) results in the saturation and the BER will
reach a constant value. However, for the PQ SPAD, by increasing the signal photon rate (or the
signal count), the BER decreases until the SPAD reaches its maximum count rate. At this point,

the lowest possible BER is achieved and higher signal counts degrade the bit error performance.

4.1.3.4 Applicability of Gaussian and Poisson Approximations

The probability mass function (PMF) of the SPAD photocounts is commonly approximated by
a Poisson distribution [7,83,84]. In order to investigate the accuracy of this approximation, in
Fig. 4.7, the OOK error probabilities of both AQ and PQ SPAD-based OWC systems, given in
(4.7), are evaluated and compared with when the photocount distribution is approximated by
a Poisson distribution through moment matching, i.e., the rate parameter of the approximated
Poisson distribution is calculated from (3.42) and (3.53), rather than using an ideal Poisson
model which does not take into account the effect of dead time in any wise. In Figs. 4.7a
and 4.7b, 6 = 0.01 is assumed, and as can be seen, for both AQ and PQ SPADs, there is

a considerable gap between the exact BER values and the approximate results, especially for
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Figure 4.7: OOK BER performance of (a) AQ, and (b) PQ SPAD-based systems, considering
the exact SPAD photocount distribution, the Poisson approximation, and the
Gaussian approximation.

higher values of K,,.

To have a better insight, the AQ and PQ SPAD photocount distributions have also been
approximated by a Gaussian distribution in Fig. 4.7, using a similar moment matching

approach. The mean and variance of the Gaussian distribution are approximated as in (3.37)
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for the AQ SPAD, and as in (3.51) for the PQ SPAD. Although the Gaussian approximation
shows higher accuracy compared with the Poisson approximation, the differences are still
noticeable. Note that by increasing the dead time ratio, the accuracy of these approximations
will be more degraded. By comparing the results of these approximations for AQ and PQ
SPAD:s, it is observed that the approximations show slightly higher accuracy for AQ SPADs,
and the reason is that the counting losses due to the paralyzable dead time are generally higher
than that of the nonparalyzable dead time. According to these observations, the use of Poisson
or Gaussian approximations does not provide enough accuracy for assessing the bit error
performance of OWC systems, and this highlights the importance of our statistical modelling

for a precise error analysis for potential optical communication applications.

4.2 OWC Systems with SPAD Array Receivers

As seen in Figs. 4.2-4.6, the BER of SPAD-based OWC systems strongly depends on the value
of dead time such that, for example, § = 0.1 results in BER > 1073. Several studies and
experiments suggest that the impact of dead time can be mitigated by employing arrays of
SPADs [8-10,65,83]. Also, the use of SPAD arrays helps to cope with strong background
radiation [57]. In the following, the SPAD array photocount distribution derived in Chapter 3
is applied to analyse the bit error performance of an OWC system with a SPAD array. Notice
that AQ SPAD arrays are considered as the baseline scenario in this section, as they generally
outperform PQ SPAD arrays, if the array is not large and exhibit almost the same performance,

if the array is sufficiently large.

4.2.1 On-Off Keying (OOK)

Denote the signal and background noise photon rates per SPAD by As and A, respectively.
Thus, Ks = X1}, and K,, = AT}, are the corresponding average number of photons per bit
interval for each array element. Assuming that the signal and noise intensities have a uniform

spatial distribution over the array area, we have:

As = Narray)‘Sa (4 1
An = Narray)\n;
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where Ag and A, are the average signal and background noise photon rates for the whole array.
Similarly, K& = NarrayKs and K7 = Ny K, are the corresponding average aggregate

number of photons per bit interval.

Let py(s) and pgy (s) denote the probabilities of s photocounts when ‘0” or ‘1’ are transmitted,

respectively. Thus:

pu(s) = ps(s; An),

psn(s) = PS(S; As + An)a

(4.12)

where pg(s; A) is the dead time-modified photocount distribution of a SPAD array given in
(3.64).

Hypothesis Testing

Recall from Section 4.1, the classical binary detection problem with two hypothesises “Hgy”
and “H;”. The receiver attempts to determine the correct bit based upon a single observation
of the aggregate number of array photocounts over each bit interval. The likelihood ratio test is

defined as:

L(S) _ psn(s)

4.13
o (5) (4.13)

STAVASS
—

where pg, (s) and py (s) were defined in (4.12) and are Gaussian distributed according to (3.64).
Thus, let psn(s) ~ N (pisn, 02,) and pn(s) ~ N (pn, 02). The above likelihood ratio test then
simplifies to a single threshold test with the optimum threshold given by (see Appendix G):

2 2 2
Hn  Hsn Hn  Hsn 1 1 Hn  Hsn On
s a2 2 ) (2l 22 T2n—
On Ogsn On Ogsn On Osn On Ogsn Osn
Sth = 1 1 - 414

2

2
On Osn

This threshold can be further approximated as (see Appendix G):

Sup = MsnOn + UnOsn ) (4.15)

On + Osn

Note that this threshold depends on piy, tsn, 0, and gy Which are all functions of Ag and A,,.
A technical challenge with/OOK systems is that for determining sy, As and A;, must be known

exactly.
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Probability of Error

In |OOKI demodulation, the number of array photocounts is compared with the threshold s},
provided in (4.14). With this threshold, the minimum error probability is ensured. An error will
occur if s < sy, for a bit ‘17, or if s > sy, for a bit ‘0’. The probability of error for equally

likely bits is [1]:
Lstn ]

JR— 1
Po=3 > pals) + 5 Z:; Pen(8). (4.16)

s= I_SthJ +1

P, can be approximated as:

[e'e} 1 Sth
P, / pu(s) ds + 2/ Psn(s) ds
0

Sth
Q <5th _/Ln> + 1 Q <:Uan - 5th> ’
On 2 Osn

where, Q(z) = 1/v2 [ exp(—a?/2) da is the Q-function. With the approximate threshold

1
T2
E @.17)
T2

given in (4.15), P, further simplifies to:

P, ~Q <““‘“n> _ (4.18)

Osn + On

The above approximate error probability suggests that P, depends only on g, — pty,. Therefore,
any contribution to both ug, and uy,, such as from dark counts, would not effect the pgy — pin

term, this will, however, contribute to the variances. Defining the signal-to-noise ratio (SNR)

as:
(Msn - NH)Q
SNR = ———5> (4.19)
(Usn + Un)
P, can also be written as:
P =Q (VSNR) . (4.20)

4.2.2 Numerical Results and Discussions

In the following, the bit error performance results of the OWC systems with SPAD arrays
are presented. The results are focused on AQ SPAD arrays, as they generally outperform PQ
SPAD arrays, albeit in larger array sizes, the performance gap tends to become insignificant.
Throughout the calculations and simulations, it is assumed that the array elements are identical.

In all the figures, 7" = 1 us and Crp = 1 are considered and the BER results are reported as a
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Figure 4.8: OOK BER performance with a SPAD array of Narray = 64 and 6 = 0.1.

function of K¢ or K} or ¢ for different array sizes.

In Fig. 4.8, the exact error probability given in (4.16) is numerically evaluated and compared
with the approximate error probability of (4.18) and also the Monte Carlo simulation results
for an array of 64 SPADs with a dead time ratio of § = 0.1. Although, the discrete threshold
values cause some ripples in the curves, (4.18) can well approximate the error probability.
Hereinafter, the approximate error probability expression given in (4.18) is adopted for the

BER! calculations.

4.2.2.1 ISI

As discussed in Chapter 3, the SPAD arrays are expected to be more robust to dead time losses.
Therefore, in this section, longer dead times are also considered. However, care must be taken
regarding the ISI impairments. While, the primary effect of the SPAD dead time is to cause
some counting losses in each interval, its secondary effect is to incur counting losses in the
neighbouring intervals. From a communication theory perspective, this can be regarded as the
ISI effect. Therefore, ISI is an outcome of the photon counting process of the SPAD receiver.
So far, all the analytical modellings have focused on the primary effect of the SPAD dead
time and the secondary effect has not been taken into account. It has been assumed that the

dead time is short enough compared to the counting interval (7 < 0.173,), so that the counting
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Figure 4.9: The effect of 1SI on the BER results.

processes of the neighbouring intervals are disjoint and the ISI is negligible. However, the ISI
effect is noticeable for longer dead times. In such cases, the single SPAD photocount statistics
should be modified accordingly. Nevertheless, the complicated photon counting behaviour of
the single SPADs, makes this mathematical analysis intractable. Therefore, for longer dead
times (7 > 0.17}), we resort to Monte Carlo simulations to obtain the ISI-modified PMF, mean
and variance of the /AQ| and PQ) single SPADs. These modified photocount statistics are then
applied to obtain those of the SPAD arrays. In all the numerical and simulation results of this
section, the ISI effect is considered, unless stated otherwise. In order to obtain the ISI-modified
photocount distribution of the single SPADs through Monte Carlo simulations, when generating
a Poisson arrival process and recording the number of photocounts according to the dead time
effects, the arrival time of the first photon in each counting interval is compared with the arrival
time of the last photocount in the previous interval to see whether the first photon is lost or not.

In scenarios with long dead times or high photon rates, this effect is noticeable.
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Fig. 4.9 presents the effect of [SI on the BER of two arrays with 64 and 1024 SPADs. For each
array two cases are considered, a short dead time (§ = 0.1) and a long dead time (6 = 1). As
predicted, for § = 0.1, the ISI is negligible in both arrays. However, the long dead time of
0 = 1 results in significant ISI impairment for the array of size Narray = 64, while the array of
1024 SPAD:s is very robust to the ISI. These results indicate that large arrays can suppress the
ISI effectively. Nonetheless, note that the ISI is stronger in higher photon rates. If the photon
rate is very high, such that all the SPADs in a large array are saturated, then even the large array
may not be able to alleviate the adverse impact of ISI. This case does not take place for the

photon rate regimes considered in this thesis.

4.2.2.2 Array Size

In Fig. 4.10, the BER of three SPAD arrays with Ny = 16, 64, and 1024 are compared for
0 = 0.1 and 6 = 1. To make a fair comparison, it is assumed that the total sensitive area of the
arrays is equal. Therefore, the average number of signal counts or background noise counts per
bit interval is the same for all three arrays. Please note that with this assumption, each SPAD
in the array of 1024 SPADs receives less signal and background noise levels compared to each
SPAD in the array of 64 elements. According to Fig. 4.10a, all arrays perform the same for
K32 =1, while for K = 5 arrays with 64 and 1024 elements slightly outperform the array of
16 SPADs. For § = 1 as in Fig. 4.10b, arrays with larger sizes show better error performance

for various average background noise levels.

4.2.2.3 Dead Time

Fig.4.11|shows the effect of dead time on the average number of photons per bit time (i.e. K&)
required by the SPAD array to achieve a particular BER for OOK modulation. In this figure
the BER = 10~ contours are displayed as a function of § and K2 for a single SPAD and three
different array sizes. The average background noise count level is K2 = 1 in Fig. 4.11a and

K? = 5in Fig. 4.11b\

The counting losses due to the dead time are mitigated to some extent when several SPADs
operate in parallel inside an array. It is very unlikely that all the SPADs of an array become
inactive at the same time. In low photon rate regimes, if the dead time is short (compared to

the bit interval), the use of large size SPAD arrays does not offer considerable performance
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Figure 4.10: BER results of SPAD array receivers with (a) 6 = 0.1 and (b) § = 1.

improvements. In high photon rate regimes, or in the case of long dead times, larger array
sizes are required. In such cases, smaller arrays may not achieve the target BER even in higher
SNRs, as increasing the optical power leads to the saturation of the SPAD array. According
to Fig. 4.11a, for shorter dead time durations (§ < 0.5), all three arrays provide BER < 1073
with K ~ 16. However, for longer dead times (6 > 0.5), larger arrays require fewer number

of photons, i.e. lower optical power, to achieve BER = 10~3. For instance, for Narray = 16,
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Figure 4.11: The BER = 1073 contours as a function of the dead time ratio and the average
number of photons per bit time required by the SPAD array.

if 6 < 1, the target BER can be achieved with K} < 30. As the dead time increases, many of
the arriving photons get lost and K& increases very rapidly, such that K2 > 80 is required for
0 > 1. This sharp increase in K is due to the saturation of the SPAD array. With Nypay =
1024 the limiting effect of dead time is almost eliminated, such that regardless of the value of d,

BER = 1073 is guaranteed with K2 < 20. Note that depending on the background noise level,
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Figure 4.12: Power gain of a SPAD array of Nayray = 1024 for BER = 1073,

the target BER may not be achieved at all; e.g. as in Fig. 4.11a, for Ny;ay = 64 and 0 > 4.

Consider a target BER of 102 and denote by 7Narray the ratio of required K for a single SPAD
to the required K2 for a SPAD array. This ratio can be interpreted as the power gain of the
SPAD array compared to the single SPAD for achieving the target BER of 1073:

K

7 =_=. 4.21)
o BER=10—3 Ksa

Note that the total active area of the array is assumed to be the same as that of the single SPAD.
Thus, it is fair to say that the SPAD array requires less power to achieve a target BER. Fig. 4.12
depicts Narray for the array of 1024 SPADs. To obtain some of the curves in this figure, minor

data extrapolation has been applied.

4.2.2.4 Background Noise

In Fig. 4.13, the required K2 for achieving some target BERS is plotted as a function of K7
for Narray = 64 and 1024. According to this figure, the minimum required K¢ to achieve the
target BER is constant for K2 < 10~2. However, for K2 > 1072, the required K2 grows as
K} increases. For Nyray = 64, as shown in Fig. 4.13a, a higher K is needed to maintain the
system performance in the presence of dead time. However, for Ny.ray = 1024 (see Fig. 4.13b)

the effect of dead time is negligible even for larger values of K.
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Figure 4.13: The BER contours as a function of the average number of signal counts per bit
time and average background counts per bit time.
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4.3 Summary

In this chapter, the effect of dead time on the bit error performance of SPAD-based OWC
systems were investigated. A data rate of 1 Mbits/s was assumed. In the first study, OWC
systems with single /AQ| or [PQ| SPADs and dead time ratios of 6 = 0.001, 0.01, and 0.1
were considered. A theoretical study was conducted to obtain the error probability of OOK
and BPPM  binary modulation schemes. Assuming negligible ISI (for § < 0.1) and hence,
independent count statistics over different bit intervals, the photocount distributions derived in
Chapter 3 were used for the bit error performance analysis. All the analytical derivations were
supported by Monte Carlo simulation results. It was found that the dead time distorted count
statistics result in higher bit error rates. With the binary modulation schemes, if 6 < 0.01,
BER values of less than 103 were achieved, however, § = 0.1 critically degraded the bit error
performance of both |AQ and PQ single SPADs. Nevertheless, the impact of dead time was
negligible in quantum-limited conditions. The results demonstrated that with a longer dead
time, a higher signal intensity is required to maintain the system performance, e.g. in the AQ
SPAD-based OWC system, assuming OOK modulation and constant average background noise
of K,, = 2, for a BER value of 104, the reduction of dead time by one order of magnitude led
to almost 3 dB improvement in the average signal count. The improvement was about 3.8 dB
for BPPM. It was shown that PQ SPAD-based OWC systems with § = 0.1 can not achieve
BER values lower than 1073, In general, for longer dead times, AQ SPADs significantly
outperform PQ SPADs. For shorter dead times, AQ SPADs still provide slightly better bit
error performance. The SPAD photocount distribution was also approximated by Gaussian
and Poisson distributions which are commonly used in the literature. It was concluded that
these approximate distributions can not provide enough accuracy in the performance analysis

of SPAD-based OWC systems.

In the second study, OWC systems with SPAD arrays and dead time ratios of § = 0.1 and
1 were considered. The focus was on AQ SPAD arrays, as they generally outperform PQ
SPAD arrays. It was verified that the dead time ratio of 4 = 0.1 is small enough to ensure
negligible ISI. Then, by assuming independent count statistics over different bit intervals and
using the Gaussian photocount distributions derived in Chapter 3, the exact and approximate
error probabilities of an (OOK/system were derived. Simulations were carried out to verify the
analytically predicted bit error probabilities. For § = 1, the ISI-modified Gaussian photocount

distributions were obtained through Monte Carlo simulations and then were applied for the
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performance analysis. With § = 1, the ISI was noticeable for Ny = 64, while it was
negligible for Nuray = 1024. It was then concluded that larger arrays can suppress the ISI
effectively. The performance results also showed that compared with a single SPAD of the same
sensitive area, the SPAD array was more robust to dead time. The SPAD array could tolerate
longer dead time durations maintaining the system performance and required less signal power

to achieve the same probability of error.
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Chapter 5

Information Transfer Rate of SPAD
Receivers

In Chapter 4, the reliability performance of single-photon avalanche diode (SPAD) receivers
for optical wireless communication (OWC) applications was specified by system error
probabilities. Another key performance metric is the maximum achievable data rate of the
system. In SPAD-based systems, the transmission data rate needs to be chosen in such a way
that a reliable photon counting performance is ensured for the SPAD receiver. In particular, the
factor which limits the maximum data rate in SPAD-based communication systems, is dead

time.

If the SPAD is assumed as a communication channel, then the limiting effect of dead time can
be assessed by the input-output information transfer rate of the corresponding channel. In this
context, the relevance of the channel capacity as a performance metric is clear. As long as the
information transfer rate through the SPAD channel is less than its capacity, it is possible to

make the error probability arbitrarily small with proper modulation and coding schemes.

In this chapter, the information transfer rate and the capacity of SPAD receivers in the presence
of dead time is investigated. Recall from Chapter 4, that the SPAD dead time not only results
in counting losses in each time interval, but also leads to inter-slot interference (ISI) distortion.
When the ISI is negligible, the SPAD can be considered as a discrete memoryless channel
(DMC). However, with the ISI, the SPAD channel is not memoryless and falls into the category
of finite-state channels (FSCs) [99].

The capacity analysis of FSCs with general input distributions is mathematically intractable in
general [100-103]. Therefore, in this chapter, the capacity analysis is conducted for two special
cases of binary and pulse amplitude modulation (PAM) signalling. Even for these simplified
cases, obtaining the capacity of the SPAD channel is still cumbersome and hence, lower and
upper bounds on the capacity are developed instead. In particular, two auxiliary DMCs are

proposed which provide an upper and a lower bound on the SPAD channel capacity.

93



Information Transter Rate of SPAD Receivers

First, the binary signalling scheme is considered and the analysis is conducted for active
quenching (AQ) single SPADs. The bounds are derived for two cases of hard decision (HD)
and soft decision (SD) outputs. Then, the information rates of AQ SPAD arrays with PAM
signalling are analysed. A discrete-time Gaussian channel model with input-dependent mean
and variance is assumed for the auxiliary DMC| channels. Using a numerical algorithm, the
capacity of the auxiliary channels, subject to peak and average power constraints, are acquired.
Over a range of parameter values for which the lower and upper bounds are very tight, the
capacity of the SPAD array channel is characterized by its bounds. As such, the auxiliary DMC
models are adopted as a benchmark to study the properties of the capacity-achieving input
distributions. The channel capacity and the capacity-achieving input distributions, subject to
peak and average power constraints, are then presented for several array sizes, dead time values

and background count levels.

The rest of this chapter is organised as follows. In Section 5.1, the relevant background from
information theory is provided. Section 5.2 provides the SPAD channel model and discusses
the choice of auxiliary channels for bounding the SPAD channel capacity. The capacity analysis
of AQ single SPAD with binary signalling is conducted in Section 5.3. The analysis for AQ
SPAD array and PAM signalling is provided in Section |5.4. A summary of the chapter is given

in Section 5.5/

5.1 Preliminaries

In this section, some of the well-known results in information theory, that are needed in this
chapter, are summarized. Hereinafter, the book by Cover and Thomas [104] is followed very

closely.

Definition 4. The entropy of a discrete random variable X with probability mass function

(PMF) px (x) is given by:
H(X) 2 =) px(a)logypx (x). (5.1)

Definition 5. The entropy of a discrete random variable Y conditioned on a discrete random
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variable X is given by:

H(Y|X) 2 =Y pxy(z,y)logypyx (y]z). (5.2)
x7y

where pxy (x,y) is the joint probability of the random variables X and Y, and py|x (y|v) is
the conditional probability of Y given X.

Differential entropies and conditional differential entropies of continuous random variables
are defined by replacing the summation with an integration. They are denoted by A(X) and

h(Y'|X), respectively.

Definition 6. The entropy rate of a stochastic process X is defined by:
1
H(X) 2 lim —H(Xy,Xo,...,X7) (5.3)
L—oo L

when the limit exists. The right-hand side expression is the per-symbol entropy rate.

Proposition 7. If { X1, Xo, ..., X1} is a sequence of independent and identically distributed
(iid) random variables, then:

H(X) = H(X). (5.4)

5.1.1 Discrete Memoryless Channels (DMCs)

A DMC consists of two finite alphabet sets Ay and Ay and a PMFE py | x (y|z), such that for
every z and y, py|x (y|z) > 0, and forevery z € A, >, py|x (y|z) = 1. The PMF py|x (y|z)

is termed as the forward channel law, X is the input and Y is the output of the channel.

Let {X1, Xo,..., X} and {Y7,Y5,..., Y.} be the ensembles of input and output sequences
of length L, respectively. Further, let {x1,x2,...,21} Vx; € Ay be an arbitrary sequence of
L inputs and {y1,y2,...,yr} Vy; € Ay be the corresponding output sequence. In a DMC, the

following equation holds:

Pr{yi|z1,z2,. .., zi,y1, 92, - - Yim1} = Py x (Yilzs) (5.5)

fori =1,2,..., L. The above equation represents the memoryless property of the DMC. Note

that py|x (-|-) may depend on 7, i.e., the channel may be time-varying.
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Definition 8. The mutual information between the input X and output Y of a DMC with the
input distribution px () and the forward channel law py | x (y|z) is defined as:

I(X;Y) 2 pxy (=, y)10g2m

x?y

(5.6)
£ px(@)pyix @;@bg%

I’y

where py (y) is the channel output distribution defined as:
py(y) £ px(@)pyix(ylz), Yy € Ay (5.7)
x
The mutual information can also be written as:

I(X;Y)=H(X)- HX|Y)=H(Y) - HY|X). (5.8)

For continuous random variables, differential entropies are used. For a DMC, H(Y) is a
concave and H (Y| X) is a linear function of the input probability distribution px (z). Hence,
the mutual information of a DMC is a concave function of the input probability distribution

px (z) [99,102,104].

Definition 9. The capacity of a DMC is defined as the maximum mutual information between
the input X and the output Y :
C 2 maxI(X;Y), (5.9)

PX
with px(xz) > 0 Vo € Acand ) px(x) = 1. Any px(x) that maximizes (5.9) is called a
capacity-achieving input distribution. Note that this maximization does not necessarily lead to

a unique distribution.
In general, there is no analytical solution for computing the channel capacity. For DMCs,

the Blahut-Arimoto algorithm [105,/106] is an elegant iterative algorithm to determine the

capacity-achieving input distribution and to compute the capacity.
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5.1.2 Discrete Channels with Memory

In this class of channels, the outputs y; are in general no longer independent events given the
input sequence. This means that (5.5)), the condition for a channel to be memoryless, does not
hold for these channels; the discrete channel is then said to have memory. In these channels,
errors typically occur in clusters and are signal dependent. The characterization of channels
with memory is in general more difficult than DMCs. Ideally, such a characterization should be

mathematically tractable and should accurately represent the properties of the channel memory.

Definition 10. The information rate between the input process X = {X1,Xs,...} and the
output process ) = {Y1,Ya, ...} of a discrete-time channel with memory is given in the limit

as.!

. 1
I(Xay) é 1}141)1010 ZI(X17X2>' te 7XL;Y17Y27' T 7YL)7 (510)

when the limit exists.

There are a number of variations of the channels with memory in the literature [100, 101].
However, in many cases of practical interest, the computation of (5.10) is complex or even
intractable. Analytical simplifications of (5.10) are usually not available, even if the input

symbols X; areliid. The complexity of the direct numerical computation of:
1
I(L)éZI(XbXQa 7XL;Y17Y27"' 7YL)7 (511)

is exponential in L, but the sequence I(1), I(2), I(3), ...converges rather slowly even for

channels with small memory [102,103].

Definition 11. The capacity of a channel with memory, with the input process X and the output

process ) is defined by:

1
Cé lim maXEI(Xl,XQ,--- 7XL;Y1,Y2,“' ,YL), (5.12)

L—oco PxL

In [99], Gallager defined a class of the channels with memory known as FSCs. A FSC is
a discrete-time channel for which the distribution of the channel output depends on both the
channel input and the underlying channel state. This allows the channel output to depend
implicitly on previous inputs and outputs via the channel state. Each FSC consists of an

input process X, a nonobservable state process S, and an observable output process ). The
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Gallager’s definition of FSCs is as follows:

Definition 12. The output at time i of a FSC is statistically independent of the state at time 1,

given the state at time © — 1 and the input at time i:

Pr{ys, si|zi, si—1} = Priws|zs, si—1 }Pr{si|a;, si—1}, (5.13)

where z;, s; and y; are the input, the channel state and the output at time ¢, respectively.

5.2 SPAD Channel Model

Recall from Chapter 4/ that in OWC|systems, the SPAD dead time has two effects on the photon
counting process. The primary effect is to cause some counting losses in each time interval.
The secondary effect is incurring counting losses in the neighbouring intervals, i.e. the ISI
distortion. Both effects limit the maximum achievable data rate through increasing the error
probability. A realistic model for the SPAD channel (whether single or array) should therefore

consider both effects.

The IST occurs if the dead time of the last detected photon in one interval overlaps with the next
time slot. This leads to a temporal inactivity of the SPAD at the beginning of the time interval,
thereby distorting the output (the number of photocounts). Without ISI, the photocount statistics
of neighbouring time slots are independent. In such a case, the SPAD channel is memoryless
and therefore can be modelled as a DMC|[99]. With ISI, however, the memoryless property is
lost and the neighbouring time slots become correlated. In this case, the SPAD can be assumed
as alFSC|[99] for which the information rate given in (5.10) determines the achievable rate of
reliable communication through the SPAD channel for a specific input distribution. The channel

capacity is the supremum of this information rate over all admissible input distributions.

For tractability, it is assumed that the input random variables are liid. This simplifying
assumption is widely used in the literature [107,/108|]. With this assumption, the resulting
information rate will be a lower bound of the expression in (5.10). But with a slight abuse
of notation, it is reported as the “information transfer rate” in this chapter. Despite this
simplification, calculating the capacity of (5.12) for the SPAD channel is still intractable and
hence, we resort to limiting the focus to binary and PAM signalling schemes and establishing

lower and upper bounds on the capacity.
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In this study, the bounds are inspired by [102,/103,107,/108]. For each bound, an auxiliary
channel model is adopted that somehow approximates the actual SPAD channel. The accuracy

of this approximation affects the tightness, but not the validity of the bounds.

5.2.1 Upper Bound

For the upper bound, the auxiliary channel is an ISI-less DMC [102, 107, 108]]. More precisely,
a DMC which is only subject to the primary effect of dead time. Hence, the PMF expressions
developed in Chapter 3 can be used in this case. Hereinafter, this channel is referred to as

DMC;.

5.2.2 Lower Bound

Similarly, for the lower bound, the auxiliary channel DMCs is considered. In this DMC, there is
an output power degradation that rises due to the memory introduced by the ISI [102,107,108].
For the SPAD receiver, this power degradation should be accounted for in the forward channel
law, i.e. the photocount distributions. Since the analytical expressions of the ISI-modified
photocount distributions are not available, the required PMFs are obtained through Monte
Carlo methods. To this end, considering both of the dead time effects, the photon counting
process of the SPAD is simulated. The process is allowed to operate for enough time (e.g.

I Once in

105 consecutive counting intervals) to reach the so-called equilibrium conditions.
equilibrium, the photocount distribution of consecutive intervals are independent. And the

steady state photocount distribution can be used for the lower bound calculations [108]].

In the following sections, the capacity analysis is conducted for two case studies: i) the AQ
single SPAD channel with binary signalling, and ii) the AQ SPAD array channel with PAM
signalling. In each study, the capacity of the auxiliary DMCs are analysed and bounds on the

SPAD channel capacity are developed.

! According to [39], the SPAD photon counting process can be described by a hidden Markov process with
stationarity and ergodicity properties. Therefore, it has a unique stationary distribution regardless of the initial state
distributions. The stationary distribution is also known as the equilibrium or steady state distribution.
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5.3 Information Rates of AQ Single SPAD with Binary Signalling

5.3.1 Capacity Analysis for DMCs

In the binary signalling scheme, the input X takes the value 1 when a signal is present, and
0 otherwise. Let px(1) = ¢ and px(0) = 1 — ¢. In addition, let p,(k) and ps, (k) be
the probabilities of k photocounts in a detection interval of length 7" when ‘0’ or ‘1’ is sent,
respectively. Two categories can be realised depending on the receiver output: SD and HD. In
SD, the output is equal to the number of photocounts. In HD, the output takes only two values,

‘0’ and ‘1’, as determined by a likelihood ratio test.

5.3.1.1 Soft Decision

In this case, the output Y is equal to the number of photocounts in the counting interval where

Y can take all non-negative integer values 0, 1, 2, ..., knax. Therefore, it follows that:

py|x (k|0) = pu(k),

(5.14)
py|x (k1) = psu(k).
According to (5.6), the mutual information I(X;Y") is given by:
pu(k) Psn (k)
I1(X;Y)= 1—q)pu(k)lo + qpsn(k) lo , (5.15)
(67) = 31— a0 o D+ a0 D
Using (5.7) and (5.14), the marginal PMF py (k) is expressed as:
py (k) = (1 — @)pn(k) + qpsn(k). (5.16)

With (5.15) and (5.16), I(X;Y') can be numerically calculated for any given value of ¢. Then,
the channel capacity C' can be obtained according to (5.9). Since the SD|capacity is expressed
as a function of the forward channel law py|x(y|x), it is a function of dead time, and the

average signal and background noise counts.
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5.3.1.2 Hard Decision

In this case, the output Y takes only two values, 0 and 1, as determined by a likelihood ratio
test. The conditional probability, py| x (y|z), for the four possible combinations of the binary

input-output pair, (z, y), is calculated as:

ken

py|x(0]0) = Pr{k < kun[0} = > pu(k), (5.17a)
k=0

py|x(1]0) =1 — pyx(0[0), (5.17b)
ken

pyix(0]1) = Pr{k < kn|1} = pan(k), (5.17¢)
k=0

py|x (1) =1 — pyx(0]1), (5.17d)

where ki1, denotes the optimum threshold for the maximum likelihood detection and has been

derived for the AQ single SPAD in Appendix F. Also, the marginal PMF py (y) is given by:

ken k¢
py(0) = (1= )Y pu(k) + a0 pn(k), (5.18a)
k=0 k=0

k¢ kin
py(1)=(1—9q) (1 - Zm(@) +q (1 - Zpsn(k)> : (5.18b)
k=0 k=0

Based on (5.6), (5.17) and (5.18), the mutual information is then calculated. Note that,
py|x (y|z) in (5.17) is a function of a priori probability g, since it depends on kg, which is

a function of q.

5.3.2 Bounds on the Capacity of AQ Single SPAD

Define the DMC; as:

pn(k) :pK(k;)\n)a
psn(k) = pK(k; As + )\n)v

(5.19)
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where px (k; A) is the dead time-modified photocount distribution of an AQ single SPAD given
in (3.36)), without ISI impairments. Also, define the DMCs as:

pn(k) = ﬁK(k; An)a
psn(k) = ﬁK(kv As + An)a

(5.20)

where pg (k; A) is the dead time and ISI-modified stationary photocount distribution of an AQ
single SPAD, as discussed in Section 5.2.2. Let I%D and I[}JID be the SD/ and HD mutual
informations of the DMC; and IED and I{ID, those of the DMCs. Therefore:

7P < %P < 1P, (5.21)

;b < ofb< b, (5.22)

where C°P and CHP are the SD and HD capacities of the AQ single SPAD, respectively.

5.3.3 Numerical Results and Discussions

In this section, some numerical results on the bounds and the capacity of AQ single SPADs are
provided. In particular, the effects of three parameters are investigated: K, Ky, and §. In each
figure, the bounds or the capacity are presented as functions of one of these parameters while
the two others remain fixed. In order to optimize the operating conditions and the structure of a
SPAD receiver to achieve its maximum information transfer rate, the effect of these parameters

should be treated simultaneously.

In Fig. 5.1, the upper and lower bounds on the SD/ and HD! capacities of the AQ single SPAD
are shown as functions of the average signal count, K. In this figure, a dead time ratio of
0 = 0.1 and average background noise counts of K;, = 0, 5 and 10 are assumed. The SD and

HD capacities of an ideal SPAD with § = 0 are also provided as benchmarks.

Fig. |5.1a shows that in the quantum-limited condition of K, = 0, the bounds are perfectly
matching and the SD and HD cases overlap. In addition, the dead time has no impact on the
capacity of the SPAD channel in quantum-limited conditions. It can be observed in Figs. 5.1b
and 5.1c that when K, > 0, the SD and HD capacities are no longer the same and soft
outputs offer higher information rates compared with the hard outputs. According to Figs.|5.1b

and|5.1c, for the SD (HD) case, I[SJD (I[I}D) with 6 = 0.1 is lower than C°P (CHP) with § = 0
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for the whole range of K values. This is also observed in the lower bounds. Thus, in the
presence of dead time, both bounds are decreased. As a results, the information rates, and

hence, the capacity of a SPAD with § = 0.1 are less than those of an ideal SPAD with § = 0.

Figs. 5.1 also illustrates that higher average signal counts lead to higher capacity values for
both SD and HD cases. However, the capacity cannot exceed 1 bits/channel use. The minimum
K required for achieving this capacity depends on ¢ and K,,. For example, with 6 = 0.1 and
K,, =5, the SD capacity reaches the maximum value of 1 for K > 40, and the limiting effect
of dead time vanishes. This happens at a higher Kj if a higher K, is considered (see Fig. 5.1c).
In addition, if ¢§ is smaller, this capacity is achieved at lower signal levels. This trend suggests
that by choosing a proper signal intensity in practice, the information transfer rate of the single

SPAD receiver can be maximized.

For the range of signal and background noise levels shown in Fig. 5.1, the upper and lower
bounds are tight in both SD and HD cases. Note that for smaller dead time ratios, e.g. § = 0.01
or 0.001, the bounds would be even tighter. Therefore, it can be concluded that for § < 0.1 and
the range of parameters considered here, the ISI is insignificant for both SD and HD cases. As
such, the AQ single SPAD can be assumed as a DMC. In the sequel, this assumption is used

for obtaining the rest of the results.

Fig. 5.2 presents the mutual information, 7(X;Y"), of the AQ single SPAD as a function of a
priori probability, g, for both SD and HD categories. The red solid curves represent the SPAD
channel with soft outputs, and the blue dashed curves represent the SPAD channel with hard
outputs. In Fig. |5.2a the effect of average signal count, K, is displayed for Ky = 5, 15, 30,
with an average background noise count of K, = 5 and a dead time ratio of 6 = 0.02. In
Fig. 5.2b the effect of K, is illustrated for K}, = 1 and 10, assuming Kg = 20 and § = 0.02.
In Fig. 5.2c|the effect of dead time ratio is presented for § = 0 and 0.1, assuming K3 = 15 and
K,, = 5. These results indicate that the mutual information decreases with decreasing average
signal counts (see Fig. 5.2a), increasing average background noise count (see Fig. |5.2b)), and
increasing dead time (see Fig. |5.2c). It is observed that the peak value of each curve which

represents the channel capacity, occurs at or near ¢ = 0.5 in most cases.

An obvious distinction between the two types is that the HD exhibits discontinuities in the
I(X;Y) curves. This is due to the discrete nature of the decision threshold kg, which jumps

from one integer to the next at certain values of ¢. Furthermore, as mentioned earlier, the SD
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Figure 5.3: Capacity of AQ single SPAD as a function of K, for Kg = 20.

provides a higher mutual information compared with the HD, thereby always having a higher
capacity than the HD case. This is because the slot photocounts provide additional information

in the SD case.

Since both the input and the output take the values 0 and 1, a hard output SPAD receiver can
be considered as an asymmetric binary channel with varying error transition probability, i.e.

py|x(1]0) and py|x (0[1). Therefore, the channel capacity can not exceed 1.

The effect of background noise counts is shown in Fig. 5.3|for Ky = 20 and § = 0.1, 0.01.
According to this figure, for larger values of §, the limiting effect of the background noise
appears in smaller values of K. In other words, with larger values of J the capacity becomes
more sensitive to background noise. This can also be interpreted as follows: keeping the
average background noise count below an optimum value (1 for the SD and 0.1 for the HD

according to Fig.|5.3), will help to overcome the limiting effect of dead time on the capacity.

In Fig. 5.4, the capacity curves are plotted versus ¢ for Kg = 10, 20, 50 and K,, = 5. As seen
in this figure, with higher signal levels (K, = 50), the SPAD achieves CSP = 1 for § < 0.1
and C''P = 1 with § < 0.07. With lower signal levels (K = 10), the capacity becomes more

sensitive to the dead time such that for § > 0.01, C°P and C™T'P decrease significantly.
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5.4 Information Rates of AQ SPAD Array with PAM Signalling

5.4.1 Capacity Analysis for DMCs

In the PAMIsignalling scheme, the intensity of the input signal, Ag, can vary between discrete
time slots while remaining constant within each time interval. The channel input X is the
average number of incident photons in a time interval of length 7. Therefore, X is proportional
to the incident light intensity and is non-negative. The channel output Y is the number of

photocounts in each time interval, corrupted by background counts, N, with an intensity of A,,.

According to the discussions in Section 3.6, where the photocount distribution of the SPAD
array was modelled by a Gaussian distribution, a discrete-time Gaussian channel is considered
here. Therefore, the channel model for the auxiliary channels can be expressed as Y = S(X +
N), where X, N and Y denote the random variables for the channel input, noise and channel
output, respectively. S(-) represents the number of photocounts which implicitly depends on
the intensity of the optical signal, and hence the channel input X. Furthermore, S(X + N) is
Gaussian distributed with mean ps(X + N) and variance 0%(X + N). Accordingly,
1 —(y — ps(z +n))?

PY\X(?J|$) = exp

(5.23)
2
27TJ§(IE+TL) 205($+n)
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where x € R* and y € Z". Due to practical considerations and device limitations, such
as the saturation of SPAD receivers at high intensities, the input signal is subject to peak and
average power constraints. Also, since X is proportional to the light intensity, the constraints

are directly imposed on X. In addition, X should be non-negative. Thus,

0< X < A, (5.24a)
E[X] <E, (5.24b)

where A and £ are the peak and average power, respectively. Without loss of generality, it is

assumed that 0 < £ < A and A is finite.

For the channel model in (5.23), us(z + n) and o%(x + n) are signal-dependent, unlike the
classical Gaussian channels [109]. Such a class of Gaussian channels whose conditional output
distribution given the channel input is Gaussian with input-dependent mean and variance are
termed as conditionally Gaussian (CG) channels [110] or additive Gaussian signal-dependent
noise (AGSDN) channels [111]. Although the properties of such channels have been studied
in the literature, their capacity is not yet known [110, 111]. Nevertheless, it is well known
that subject to peak and average power constraints, the channel capacity is achievable and the
capacity-achieving distribution is unique and discrete with a finite number of mass points for
finite A and £. In what follows, some of the findings in the aforementioned reference articles

are adopted to study the capacity of auxiliary DMCs.

Assume an input distribution defined over constellation v, = {x1,x2,..., 2}, where 0 <
1 < x9 < -+ < xp < A, with probability distribution ¢, = {p1, p2,...,pp}. Let Px denote

the corresponding cumulative distribution function (CDFE), that is:
dPx =p16(z — x1) + p26(x — x2) + -+ - + ppd(x — ). (5.25)

Also, let Px be the set of all input distributions satisfying the constraints defined in (5.24):

A
Py & {PX : / dPx = 1,E[X] < 5} ) (5.26)
0

For each Py, denote the corresponding distribution of Y by py (y; Px ), the marginal entropy
of Y by H(Y; Px), the conditional entropy of ¥ given X by H(Y|X; Px), and the mutual
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information between Y and X by I(Px). Recall from Section 5.1:

py (y; Px) = /PY|X(?/|SU)dPX

H(Y;Px) ==Y py(y; Px)logy py (y; Px)
Yy

/ logy[2mea? (x4 n)] dPx (5.27)

xT

1
H(Y|X; Px) = 5

I(Px)=H(Y; Px)— H(Y|X; Px)

PY\X(@/W)
= D y|x)logy ——— | dPx
/:1: zy: vix(vle) 2 py (y; Px)
And the channel capacity is:
C= I(Px) . 5.28
A, 10 2

Let the capacity-achieving values of 1, {5, and Py subject to constraints A and £, be denoted
by ¥3(AE), ¥5(A,E), and Py (A,E), respectively. In the following, some of the main

properties of the capacity-achieving distribution are summarized.
e Existence and uniqueness: There exists a unique probability measure P satisfying the
bounded-input and average power constraints which maximizes I (Px) [110, Theorem 1].

e Necessary and sufficient condition: P is capacity-achieving if and only if there exists

a > 0 such that for all x € [0, A] [110, Theorem 2]:

Q(z; Px) — I(Px) — %log2 2med?(z +n)] — a(z — &) <0, (5.29)
where
Q(z; Px) = =Y _ py|x (yl2) logs py (y; Px). (5.30)
y

e Discreteness: The capacity-achieving distribution, P, is discrete and consists of a finite

set of mass points [110, Theorem 3].

e Mass point at zero: The capacity-achieving distribution always contains a mass point

located at zero [110, Corollary 3]. That is, 0 € (A, £). Therefore,

a= é I(P%) — Q(0; P) + %logg[%eaQ(n)] : (3.31)
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Algorithm 1 Search algorithm for finding the capacity-achieving input distribution.
Input: A, &€
Output: C, Py

1: procedure CAPACITY(A, &)

2: b+ 2

3 Solve (5.28) such that ||¢5|| = b.

4 Determine (%) according to (5.31).
5: if «®) < 0 then

6: b+—b+1

7 goto3

8 end if

9:  if (5.29) holds for all z € [0, A] then
10: return C and P%

11: else

12: b+—b+1

13: goto?3

14: end if

15: end procedure

Although the above properties of the capacity-achieving distributions for the \CG channels
are known, closed-form analytical expressions are unknown in general. Therefore, numerical
methods are applied in order to compute the capacity and capacity-achieving distributions for
the SPAD array channel. The optimal input distribution and the capacity of the DMCs can be

obtained via the algorithm presented in Algorithm 1.

In Algorithm 1, the inputs are A and £. The algorithm initializes with a binary distribution
(b = 2). In each iteration, first the optimal Py which maximizes I(Px) is obtained using
the method presented in [109]. Since a mass point at x = 0 always exits, a®) is determined
using (5.31). Failure of the necessary condition a?) > 0 indicates that this Py is not optimal
and the current number of mass points, b, is not sufficient. Thus, the number of mass points
should be increased by one, and the distribution function Px which maximizes the information
rate (subject to constraints) should be determined again. If o(®) > 0, then the necessary and
sufficient condition in (5.29) is tested. If it is satisfied, then Px is the capacity-achieving

probability measure. Otherwise, b is increased by one and the procedure is repeated.

110



Information Transfer Rate of SPAD Receivers

5.4.2 Bounds on the Capacity of SPAD Array

Consider the auxiliary channel DMC; for which:

+ = A+An7
pu(x +n) = ps( ) 5.32)

oX(z4+n) = ok(A+ Ay),

where pg and 0’% are the dead time-modified mean and variance of the photocount distribution
of a SPAD array given in (3.65). The above expressions does not take the effect of [ISI

impairments into account. Similarly, consider DMCs with:
wlx +n) = ps(A+ Ay),

(5.33)
02(:13 +n) = 5%(/1 + Ay),

where fig and &% are the dead time and ISI-modified mean and variance of the stationary
photocount distribution of a SPAD array and are obtained based on Monte Carlo methods.
Denote by Iy, I1, and I the mutual informations of the DMC;, DMC; and the SPAD channel,

respectively. Also, let the corresponding capacities be denoted by Cy, Ct, and C. Therefore:

I, <C< Iy (5.34)

5.4.3 Numerical Results and Discussions

In the following, some numerical results are provided for the above capacity analysis. As stated
earlier in this section, the mean and variance of the SPAD array photocounts and both of the
DMC channels are signal-dependent due to the dead time. Therefore, dead time is the parameter

which determines the degree of signal dependency.
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Figure 5.5: Bounds on the capacity of SPAD array for several array sizes: A = 50, &€ = 20
and K} = 5.

Fig. 5.5/illustrates the bounds on the SPAD array channel capacity as a function of dead time
ratio § for A = 50, & = 20, K2 = 5, and various array sizes. The range of interest is § < 1.

For 6 < 0.1, the bounds are tight for all the array sizes. They remain tight for 0.1 < § < 1 if

Narray > 256.
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Figure 5.6: Bounds on the capacity: A = 50, € = 20 and K} = 5.

For comparison purposes, the upper and lower bounds of Nyrray = 64 and 1024 are extracted

from Fig. 5.5 and are shown in Fig.|5.6.
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Figure 5.7: Bounds on the capacity of SPAD array for Narray = 64: (a),(b) € = 20; (c),(d)
A = 50.

Fig. 5.7 shows the upper and the lower bounds (the capacities of the DMC auxiliary channels)
for Naray = 64, as a function of the peak power constraint, .4, in Figs. 5.7a and 5.7b, and
as a function of the average power constraint, £, in Figs. 5.7c and 5.7d. In these figures, two
different background noise levels (K3 = 5 and 10) and two dead time ratios (6 = 0.1 and 1)
are considered. From Figs. 5.7al and 5.7c, it is seen that for § = 0.1, the bounds are tight,
confirming the negligible effect of ISI. However, according to Figs. 5.7b/and 5.7d, with § = 1,

the ISI is apparent, leading to a gap between the bounds.
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Figure 5.8: Bounds on the capacity of SPAD array for Naray = 1024: (a),(b) € = 20; (c),(d)
A = 50.

In Fig. 5.8, the bounds are provided for the array of Nurray = 1024 considering two different
background noise levels and dead time ratios. As observed in this figure, the bounds are
remarkably tight for Ny = 1024 for all the presented parameter values. According to our
extensive numerical investigation of the bounds, the following conclusions can be drawn; the

capacity of:

o the SPAD array of Nypay = 64 with 6 < 0.1,

e the SPAD array of Nypray = 1024 with § < 1,
can be accurately approximated by their bounds. This means that in these cases, the SPAD array
can be well approximated by the auxiliary DMCs. Figs.|5.6-|5.8|also support these statements.

In the following numerical results, this approximation is used and the effect of different

parameters on the capacity and the capacity-achieving input distribution are investigated.
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Figure 5.9: SPAD array capacity-achieving distributions for Narray = 64, 6 = 0.1 and K}y =
5: (a),(b) € = 20; (c),(d) A = 50.

In Fig. 5.9/ the effect of peak power constraint, A, and the average power constraint, £, on the
optimal mass points (¢;) and the corresponding probability measure (1) is presented for the
array of 64 SPADs. In these figures, the parameters 6 and K2 are assumed to remain fixed as
6 = 0.1 and K} = 5. Similarly, in Fig. 5.10, ¢} and ¢, are provided for an array of 1024
SPADs with § = 1 and K = 10.

In Fig. 5.11] the effect of dead time on 1 and ¢ is shown for the array of Nayay = 1024.

From Figs. 5.9-5.11, the following remarks are deduced:

e The capacity-achieving measure (¢}, 1) contains two mass points at * = 0 and * = A,
for all the parameter values. In [110], it is proved that x = 0 is always a mass point of

(Y3, 1,). However, it is not proved whether = = A is also a mass point in general.

e As A increases, more mass points are required for achieving the capacity. In the
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Figure 5.10: SPAD array capacity-achieving distributions for Nyyray = 1024, 6 = 1 and Ky =
10: (a),(b) € = 20; (c),(d) A = 50.

presented range of parameters, the variance of the signal-dependent noise term is almost
a linear function of the signal power. As a result, for higher values of 4, the average
signal-dependent noise power is higher; hence, a signalling scheme with a larger

constellation size is more favourable.

e As £ increases, the capacity also increases almost until £ ~ 0.5.4. After this point, the

channel capacity remains constant.

Another important observation is that for Naray = 1024, if § < 1, the capacity-achieving
measure (1, 1) does not depend on § (see Fig.|5.11). This means that in this large array the
impact of dead time is effectively cancelled. As a numerical example, assuming a typical dead
time of 10 ns, using a PAM signalling scheme with 5 levels, this array can achieve the capacity
of 1.8 bits/channel use or equivalently a maximum data rate of 180 Mbits/s with A = 50 and

& = 20.
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Figure 5.11: SPAD array capacity-achieving distributions for Narray = 1024, A = 50, £ = 20
and K2 = 5.
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5.5 Summary

In this chapter the information transfer rate of SPAD receivers was studied. The SPAD was
modelled as a communication channel with finite memory and the information rates with binary
and PAM signalling schemes were analysed. Two auxiliary channels were used for establishing

upper and lower bounds on the capacity.

The analysis of the binary signalling was conducted for AQ single SPADs. The mathematical
expressions for the mutual information of the auxiliary channels were derived and the bounds
on the capacity of the SPAD channel were obtained. For the single SPADs with dead time ratios
0 < 0.1, the bounds were very tight for a wide range of signal and background noise levels,
showing that the dead time induced-ISI was negligible for 6 < 0.1. Therefore, the capacity
of the AQ single SPAD could be tightly approximated by those of the auxiliary channels. The
results showed that with lower signal levels, the capacity becomes more sensitive to the dead
time losses. Also, keeping the average background noise count below an optimum value will

help to overcome the limiting effect of dead time on the capacity.

The analysis of the PAM signalling was carried out for the AQ SPAD arrays. A discrete-time
Gaussian channel model with input-dependent mean and variance was adopted for the auxiliary
channels. Using a numerical algorithm, the capacity of the auxiliary channels, subject to
average and peak power constraints was evaluated, and the bounds on the capacity of the SPAD
array were established. The numerical results were provided for 6 = 0.1, 1 and Nypray = 64,
1024. For Nypray = 1024, the bounds were very tight for both 6 = 0.1 and 6 = 1 over a wide
range of signal and background count levels. This, again confirmed that in larger arrays the ISI
was insignificant. Thus, the SPAD array of Nyay = 1024 could be well approximated as a
memoryless channel. As such, it was found that for a large array, the channel capacity, subject
to the average and peak power constraints, is achievable. The capacity-achieving distribution is

discrete, consists of a finite set of mass points, and always contains a mass point at zero.
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Chapter 6
Conclusions and Future Research

In this thesis, the general objective was to investigate the application of single-photon avalanche
diode (SPAD) photodetectors (PDs) for optical wireless communication (OWC). A series of
fundamental studies related to the impact of SPAD dead time were presented. To the best of
the author’s knowledge, this is the first comprehensive study in this context. The contribution
of this thesis was threefold: First, a novel analytical method was proposed for modelling the
statistical photon counting behaviour of SPADs in the presence of different types of dead time.
This method was used to obtain the photocount distributions for active quenching (AQ) and
passive quenching (PQ) single SPADs and SPAD arrays. Second, the effect of dead time on
the error performance of SPAD-based OWC systems were deeply analysed. Finally, the effect
of dead time on the information transfer rate of SPADs were studied through an information

theoretic approach.

6.1 Summary

In Chapter 2, a short overview of the OWC was given, with a focus on the photodetection
process, the main task of optical PDs. The common PDs used in OWC systems were reviewed.
In particular, positive-intrinsic-negative (PIN) diodes and avalanche photodiodes (APDs)
were referred to. The details of their physical mechanism of operation, noise properties
and performance specifications in terms of gain, bandwidth and signal-to-noise ratio (SNR)
were reported from the literature. It was discussed that in photon starving applications and
long distance transmissions, where the optical signal may be received at levels below the
sensitivity of PIN diodes and APDs, photodetectors with single-photon sensitivity, such as
photomultiplier tubes (PMTs) are required. The advantages and disadvantages of PMTs were
addressed. Then, the SPAD PDs were brought into discussion as a promising replacement for
the PMTs in OWC applications. A short overview of the past and present applications of the
SPADs was provided. Also, the operating principle and the main performance metrics of the

SPAD receivers were reviewed. Active and passive quenching circuits, used for resetting the
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SPAD PDs, were introduced. It was highlighted that these quenching circuits directly affect
the photon counting performance of the SPAD receivers due to the dead time they introduce
for the recovery process. The background presented in this chapter was required for a better
understanding of the fundamental differences between the conventional PDs and the SPADs

and conducting the research in this thesis.

In Chapter 3, a novel statistical model for the SPAD photon counting process in the presence
of dead time was presented. The mathematical analysis was based on the concepts of arrival
processes and renewal processes. Exact expressions were derived for the probability mass
function (PME), mean, variance and the count rate of the SPAD photocounts. The study was
conducted for both single SPADs and SPAD arrays and expounded the effect of various dead
time types imposed by AQ, PQ and mixed AQ/PQ circuits. In contrast to the commonly used
Poisson distribution, the new expressions accurately took the effect of dead time into account.
The proposed expressions for the mean of AQ and PQ single SPAD photocounts precisely
predicted the SPAD effective count rates and were in line with the experimental data available
in the literature. The mathematical models derived in Chapter 3| were the foundation of the

studies in the subsequent chapters of this thesis.

In Chapter 4, the bit error performance of the SPAD-based OWC systems was analysed. In
these systems, not only the primary counting losses arising from dead time were degrading the
link performance, but also an inter-slot interference (ISI) distortion was realized. This ISI was
due to the overlap of dead times of the previous interval(s). In this study, two scenarios were
considered: OWC systems with single AQ or PQ SPAD receivers, and OWC systems with
AQ SPAD array receivers. A data rate of 1 Mbits/s with binary modulation schemes (on-off

keying (OOK) and binary pulse position modulation (BPPM))) was considered.

In the first scenario, a theoretical study was undertaken for deriving the error probability of
OOK and BPPM schemes. Dead time ratios of 6 = 0.001, 0.01, and 0.1 were considered for
which the ISI effect was insignificant. Assuming independent count statistics over different
bit intervals, the photocount distributions derived in Chapter 3| were used for the bit error
performance analysis. Analytical and simulation results were provided for several dead time
ratios and background noise levels. It was verified that the dead time degrades the bit error
performance of the system. While with 6 < 0.01, bit error ratios (BER5) of less than 1073
could be attained, 6 = 0.1 critically degraded the BER|, such that the systems with PQ single

SPADs could not reach BER values better than 102, unless in quantum-limited conditions. In
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the AQ SPAD-based OWC system, with OOK modulation and constant average background
noise of K, = 2, for a BER value of 10~%, the reduction of dead time by one order of
magnitude led to almost 3 dB improvement in the average signal count. The improvement
was about 3.8 dB for BPPM. In general, with longer dead times, higher signal intensities were
required for achieving a target BER. It was also found that in quantum-limited OWC systems,
the effect of dead time becomes negligible. The results showed that OWC systems with AQ
single SPADs generally outperform those with PQ single SPADs in terms of error probability.
Compared with the proposed photocount distributions, the Gaussian and Poisson distributions
commonly used in the literature were shown to be inaccurate in the performance analysis of
OWC systems. This in turn highlights the importance of this statistical modelling for a precise

error analysis of potential OWCl applications.

In the second scenario, the focus was on AQ SPAD arrays and the bit error performance
of an OOK system was analysed. For two dead time ratios of § = 0.1 and 1 and two
different array sizes (Naray = 64 and 1024), the impact of ISI on the BER of the system
was investigated. The results showed that for § = 0.1, the impact of ISI was negligible in both
arrays. However, for § = 1, the ISI was noticeable in the smaller array. The ISI-modified
Gaussian photocount distributions were obtained through Monte Carlo simulations and then
were applied for the performance analysis. The performance results demonstrated that the
SPAD array was more robust to the background noise and could tolerate longer dead times
maintaining the system performance. Compared with a single SPAD of the same sensitive area,
the SPAD array required less signal power to achieve a target BER. For instance, a SPAD array
of size Narray = 1024 provided a power gain of 3 dB compared to a single SPAD, for achieving
BER= 1072 with § = 0.1 and K2 = 2.

A follow-up study was presented in Chapter |5 to investigate the impact of dead time on
the information rate of the SPAD receiver. The SPAD was modelled as a communication
channel with a finite memory arising from the dead time-induced ISI distortions. Since the
capacity analysis of the memory channels with general input distributions was mathematically
intractable, two special cases of binary and pulse amplitude modulation (PAM)) signalling were
considered. Even for these simplified cases, calculating the capacity of the SPAD channel was
still cumbersome and hence, lower and upper bounds on the capacity were developed instead.
To establish each bound, an auxiliary channel model was proposed and used. For the upper

bound, the auxiliary channel was an ISI-less discrete memoryless channel (DMC) with the
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primary dead time-induced counting losses. For this channel, the photocount distributions of
Chapter 3 were adopted. For the lower bound, the auxiliary channel was a DMC| with the
primary counting losses and an additional source of counting losses due to the ISI. For the
photocount distribution of this channel, the stationary state distribution of the SPAD channel

with ISI was used, which was obtained through Monte Carlo simulations.

The capacity analysis of the binary signalling was conducted for AQ single SPADs. The
mathematical expressions for the mutual information of the auxiliary channels were derived
and the bounds on the capacity of the SPAD channel were obtained. For single SPADs with
dead time ratios < (.1, the bounds were very tight for a wide range of signal and background
noise levels, showing that the ISI effect was negligible for § < 0.1. Therefore, the capacity of
the AQ single SPAD could be tightly approximated by those of the auxiliary channels. It was
concluded that with lower signal levels, the capacity becomes more sensitive to the dead time
losses. Also, keeping the average background noise count below an optimum value will help to

overcome the limiting effect of dead time on the capacity.

The capacity analysis of the PAM signalling was carried out for AQ SPAD arrays. The same
auxiliary channels were used. In this case, a discrete-time Gaussian channel model with
input-dependent mean and variance was adopted for the auxiliary channels. Using a numerical
algorithm, the capacity of the auxiliary channels, subject to average and peak power constraints
was evaluated, and hence, the bounds on the capacity of the SPAD array were established. The
numerical results were provided for § = 0.1, 1 and Nupray = 64, 1024. For Nypray = 1024, the
bounds were very tight for both § = 0.1 and § = 1 over a wide range of signal and background
noise levels. This, again confirmed that in larger arrays the ISI was insignificant. Thus, the
SPAD array of Nyrray = 1024 could be well approximated as a memoryless channel. As such,
it was found that for a large array, the channel capacity, subject to the average and peak power
constraints, is achievable. The capacity-achieving distribution is discrete, consists of a finite set

of mass points, and always contains a mass point at zero.

The results of this analysis can be used for the theoretical optimization of the device structure

and operating conditions to maximize the achievable data rate.
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6.2 Key Findings

This thesis has provided new insights into the application of SPAD detectors for OWC. It
reveals a fundamental limit of the SPAD detectors which is dead time. The new findings of this

research lead to a better comprehension of the dead time effects.

The proposed mathematical models for the SPAD photon counting process under the limits
of dead time, allow an accurate description of SPAD blocking losses. These models are
particularly required for maximum likelihood detection analysis and assessing the performance
of any SPAD-based OWC| system in terms of error probability or data rate. The capacity and
capacity-achieving distributions of SPADs can be used for designing efficient modulation
schemes, and optimizing the device structure and operating conditions to maximize the
achievable data rate. These results can also serve as a benchmark for evaluating the efficiency

of practical SPAD-based optical systems.

The research presented in this thesis highlights a trade-off between the SPAD photon counting
performance and the data rates of OWC| systems; in high data rates the existence of dead time
causes significant counting losses and thus, significant data loss. Commercially available SPAD
devices have dead times in the range of a few nanoseconds to tens of nanoseconds. With binary
modulation schemes and an AQ single SPAD of dead time 7, the data rate can not exceed 1/7.
For a PQ single SPAD, the limit is even lower than 1/7. As a numerical example, assume an
AQ single SPAD with a dead time of 10 ns. For a data rate of 100 Mbits/s, the bit interval
equals to the dead time, that is 1 bit of information per photon. However, at this data rate,
the error performance is not reliable. The capacity results of Chapter |5 ensure that this |AQ
single SPAD can achieve a maximum data rate of 10 Mbits/s with a reliable error performance,
given the best operating conditions. Instead, for an AQ SPAD array of 1024 elements, the
maximum achievable data rate is 100 Mbits/s, again given the best operating conditions. It can
then be concluded that the commercially available single SPAD devices can achieve a reliable
performance with a maximum data rate of a few Mbits/s. This is up to a few hundreds of

Mbits/s for the case of large SPAD arrays.

The data rate can be improved to some extent with the help of advanced modulation techniques;
but, the inherent limitation of dead time remains. To achieve data rates in the range of Gbits/s,
SPAD devices with much shorter dead times are required. SPADs are still a relatively immature

technology, thus, in this current stage, they are suitable for scenarios in which the high data rate
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is not a mandatory requirement. With further technological advances, they may become capable

of targeting higher data rates.

6.3 Limitations and Future Work

There is much work yet to be done in this topic. A number of findings and limitations
in this work inspire potential future research directions, which are important for the further

development of SPAD-based OWC.

In the analysis presented in Chapter 3, the impact of dead time has been addressed. However,
a number of other factors, such as afterpulsing and timing jitter have not been considered.
Afterpulsing leads to false detection events. The literature on afterpulsing is extensive. The
available models of afterpulsing can be combined with the analytical expressions of this thesis
to obtain a more realistic model for describing the SPAD photon counting process. Several
practical studies have also been devoted to investigate the timing jitter phenomenon, however,
there is a lack of proper analytical models for it. Timing jitter essentially perturbs the timing
resolution of the SPADs. It is generally shorter than the dead time and thus, results in less
counting losses compared to the dead time. However, in high data rates, it plays a significant
role. Future research can consider the joint impact of dead time, timing jitter and afterpulsing.
This will give insights into the actual photon counting performance of SPAD receivers in

practice.

In Chapter 3, an idealised assumption had to be made so that the analysis can be tractable.
It was assumed that the SPAD is free at the beginning of each counting interval. Despite
this simplifying assumption, the mathematical derivations were still cumbersome. This
assumption relates to the ISI impairments when the SPAD is counting in consecutive intervals.
In Chapters 4/and 3, it is was observed that for relatively short dead times, this assumption had
no noticeable effect on the results. However, for larger dead times, it led to underestimated
error probabilities and also overestimated channel capacities. For such cases, the ISI-modified
photocount distribution of the SPAD receiver was obtained through Monte Carlo simulations.

The statistical modelling of this ISI effect can be the subject of future research.

Moreover, in Chapter 4, only the bit error performance of binary signalling schemes were
studied. The investigation of higher order modulation schemes is also of great importance. In

such schemes, the ISI effect becomes even more significant. This again necessitates modifying
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the SPAD photocount distributions in consideration of ISI. As such, the capacity of SPAD
receivers can be estimated with higher accuracies using the mathematical tools available for
finite-state channels (FSCs). Then, optimized modulation schemes can be designed to improve

the link performance and to achieve higher data rates.

Another possible direction for future research is to consider sequence detection schemes to
account for the dead time induced channel memory. Designing maximum-likelihood sequence
detection (MLSD) schemes will help to improve the total error performance of the system.
Furthermore, the performance analyses conducted in Chapter 4 were only focused on the
receiver photon counting performance. The characteristics of the transmitter and the optical
channel were not addressed. For specific applications such free space optics (FSO), visible
light communication (VLC) or under water communication (UWC), the corresponding light
propagation characteristics can be incorporated with the receiver model developed in this thesis

to perform a comprehensive performance evaluation of the end-to-end SPAD-based system.

Here, at the University of Edinburgh, efforts are underway to improve the structure of the
SPAD devices in order to decrease the dead time duration, and also to implement SPAD arrays
for mitigating the effect of dead time. Our research group is mainly focusing on the area of
OWC and our interest lies in utilizing SPAD receivers in this area. Experimental works are in
progress to validate the proposed analytical models in this current thesis. Further measurements
will be carried out to characterize the ISI impairments so as to design proper modulation and

coding techniques to attain the maximum potential of the SPAD receivers in OWC applications.
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Appendix A
Mathematical Derivations

A.1 Integral in (3.27a)

The integral in (3.27a)) is calculated as follows:

pi(k) = /p(k)(tlyt%"'7tk>dt1dt2"'dtk
{R1}

Ty—T7 t3—Tto—T
= o / Nee=MT=kT) g dty - - - dty,

ty=(k—1)r  ta=T t1=0

Ty—T ty—Tto—T (A.1)
— \ee—MTo—kT) e / / dtdts - - - dty,
the(k—1)r  ta=T t;=0
Ty—7
= N AMTo—k7) / I (tg)dty,
te=(k—1)7

where I;,_1(tx) is a (k — 1)-tuple integral and is readily solved by recursion:

I 1 (tg) = 0! : (A.2)

(A.3)
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A.2 Integral in (3.27b)

The integral in (3.27b) is evaluated as detailed below:

{Rz}
t—T t3—Tto—T
k —At (k—1)7)
=T, —Ttp_1= )T to=Tt1=
Tb
:)\keA(k_l)T/G_Atklk_l(tk)dtk;,
tpe=Tp—T

where Ij,_1(ty,) is given in (A.2). Now, let’s proceed with the final integral left to obtain pa (k).
Define:

Ty
z—(k—17m)m™ 1
Sppq = / ( ((m — 1))') e Mdzx. (A.5)
Tb—T .
An integration by parts gives:
P O €y et Voo
A (m—1)!
m—1
PO € Sl KGR
A (m—1)! (A.0)
F @ (b= 1rm-?
1 xr — k — )7 m— Az
+X X / (m—2)] e “dx
Tb—T
Now define:
Ty — (E—=1)7)™ T — m
A, = (T (fn' )7) e b _ (Ty m]'fT) 6—>\(Tb—7’), (A7)
Thus, S,,—1 given in (A.6) can be expressed as:
1 1
Sm—l = _*Am—l + *Sm—2u (A.8)

A A
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Solving the above recursive equation for .S, gives:

m—1
A S
Sm—1 = = Z \m—i + Am—1
i=1

m—1 ;
B 1 (T, — (k= 1)T AT (Th, — k)’ “ATp—7)
__;Am—ix i bJFZAmZ A
1
_ 7(6_)\Tb _ e_A(Tb_T))
)\m

(]

A m! m)!

m—1 \; m—1 z
1 AN (T, = (k= 1)1)’ —ATb+ XZ)\ (Ty, — k)’ o~ MTi—7)

1=0 1=0
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Finally, according to (A.4):

??‘

pZ(k) :)\kez\(kfl)T « Sk—l
—N(T} — (k — 1)7)°

M “ATp—kT) _ e M=(k=17)  (A10)
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o
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=)

A.3 Solving (3.34)

From (3.34), p(k, t) can be derived as follows:

t t
(s t) ://\k ’W i 1@ A=) ! / )"H—l(t/_(k+1)7-)k6—>\(t’—(k+1)7—)dt/

k!
kT (k+1)7
t—kT t—(k+1)7
Nenyk=t Ne+Lnk
- / (k(_)l)'eM dat’ — / k'()e)‘t dt’ (A.11)
0 0

With an approach similar to the one used for (A.5)), the above integral is evaluated. Thus:

k k—1 ., ;
)\Z t— k + 1 ) ,)\ t—(k+1)T Az(t - kT)z —A(t—kT)
Z . et S XE R (A.12)
=0 =0
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Appendix B
An Asymptotic Expression for AQ
PMF

The PMF in (3.36) can be rewritten as:

k k—1
prc(k) =Y (i, M) = Y (i, Aen)
=0 1=0
k—1
Pk, Ak) + D [0 A) — (i, Ago)] (B.1)
=0
k—1 ;
_ : (G- (k=Dr\'
_q/}(k’AkHi:Ow(z’Ak) [1 ( T — kr ) ‘ ] '
Define A and B as follows:
k-1 ;
o . . Tb_(k_l)T ‘ — AT
A= 2 ¥(i, Ag) [1 (Tb — > e ] )

B

Two asymptotic cases can be considered:

e Large A (A > 1): The limiting relation tlim t% "t = Oresultsin lim A = 0.
— 00

A—00

e Small § (7 < Tj): Since lim B = 0 and ¥ (k, \g) is finite, lim A = 0 is concluded.
6—0 6—0
Therefore, for the above two cases, the following approximation can be adopted:

prc(k) =Pk, \g) - (B.2)
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Appendix C
Mean and Variance of AQ PMF

By definition, the mean value of the distribution in (3.36) is:

kmax

pr =Y kpi(k)
k=0

kmax k k—1
=D kx { Y(i, k) — Z¢(i>)\k—l)}- (C.1)
k=0 =0

1=

Replacing £ — 1 by k in the summation index of the second term in the right-hand side of the

previous expression gives:

kmax k kmax—1 k
pi =3 kv(i,\) — D (k+ 1), M)
k=0 =0 k=0 =0
kmax k‘maxfl k
= kmax® (i, M) — > i, Ak)
=0 k=0 =0
kmax—1 k
~ kmax — > i, Ae). (C.2)
k=0 =0

kmax

where the approximation »_ (i, Ak, .. ) =~ 1 is used. The above expression for px in (C.2)

=0
can be further simplified to:

kmax—1 o0

pE =Y Y v, (C3)

k=0 i=k+1

Next, the limit of this expression for 7 — 0 or kpax — o0 is taken. Although it follows
directly from lir% pr (k) = po(k) that hH(l] pux = AT}, a direct proof can also be obtained in
T— T

the following way; the right-hand side of (C.3) is a double series whose terms can be ordered
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in an infinite matrix:

o (TL)' ()2 (AT}H)™ i
1! 2! T m!
0 o QL2 - Q)"
0 0 0 ()\Tb')m
m:
e—)\Tb %
0 0 0 (ATi)

The rows and columns of the above matrix are indexed by summation indices of (C.3), k and ¢,

respectively. Summation of the first m rows of this matrix gives:

m ; oo y
_ AT (AT (AT)*
Sm =¢€ bx[sz f +m X Z F
i=0 i=m+1
m—1 ; oo ; m ;
_ (AT})! (AT})' (AT})!
=e Mo x |(AT,) x Y g +mx - —mx Yy - (C.4)
i=0 i=0 i=0
As m goes to infinity, the summation of the second and third terms clearly goes to zero.
m—1 .
Furthermore, using the Taylor series expression lim > (AT3},) /il = eMb:
m—o0
lim pg = lim S, = \T3,. (C.5)
T7—0 m—00

With an approach similar to the one used for deriving p g, the variance of the distribution in
(3.36) can be obtained as:
kmax—1 _k kmax—1 _k 2
2 , .
ok = (2kmax — 2k — 1) (i, ) — ( > W, m) N (X))
0

k=0 i= k=0 i=0

The limiting relation liII(l] a%{ = AT, can also be verified, where the product AT}, is the variance
T—

of the original Poisson distribution.
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Mean and Variance of PQ PMF

According to (3.9) and (3.50), the generating function G(z, t) and its derivatives are given by:

kmax

G(z,Tp) = Z pK(k)zk
k=0
kmax 7 - 7
=Y - XD = G = D) s (D.1)
i=0
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=Y il - 1)z - 1yi-22 (T =G = D7) —inr, (D.3)

7!
i=2

Therefore, the mean and variance of the PQ PMF in (3.50) are derived as:

kmax
pi =Y kpi(k) = m(gfb) = Ae VT, (D.4a)
k=0 z=
Fmax Fmax 2
ok = Y Kpg(k)— (Z ka(@)
k=0 k=0
_|8%G(2, 1) 9G(2,Thy)  (9G(z,Th)\" (D.4b)
- 822 + 0z N ( 0z ) 1

= N M (72 _2T7) 4+ Ae VT,

Finally, the limiting expressions lim px = A3, and lim ag( = ATy, are verified.
7—0 T—0
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Appendix E

Special Property of AQ PMF in
Threshold Detection

Assuming ki, < kmax, the probability of counting at most &}, photons is calculated as:

en kin k—1
> (k) =) [Z¢ i, M) = D (i, Ak_n]
k=0 k=0 =0
ken  Fen kin—1 ki
(*)ZzwlAk Z Z (i o)
1=0 k=i 1=0 k=i+1
kin—1 T kn kip—1
il U (ken, Ak, ) + Z [Z¢ i, \g) — Z ¢(¢,Ak,)] (E.1)
=0 k= k'=i

_1/} kthv/\kth —‘r Z ’(ﬁ 1 )\kth

ktn

= 0(i, Ak

=0

where in (x) the order of summations is changed and for () a change of variable ¥’ = k — 1
is used. According to (E.1), for an AQ SPAD receiver with the dead time 7, the probability of

counting up to kyy, photons in a bit interval of length 73, is the same as that of:
e an ideal single-photon detector with the same quantum efficiency, but counting photons
during an interval of length T}, — k¢, 7.

e an ideal single-photon detector with the quantum efficiency reduced by the factor (1 —

k
ﬁ) and counting photons during an interval of length 7j,.
b

The above result significantly simplifies the error probability calculations for the AQ SPADs.
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Appendix F

Optimum Threshold for AQ Single
SPAD

With the approximate PMF given in (B.2), the likelihood ratio test in (4.5) reduces to:

kNP M

L0 =St =

, F.D
where A = A\, (T}, — k7) and A5® = (As + An)(Th, — k7). Substituting 1(i,A) = Ae /i
gives:

e + 0 \F H
L(k) = e~ M(@ok) (;F) > 1. (F2)
n Hy

Taking the natural logarithm from both sides gives:

H AT
- Y (F3)
Ho X7 +1In <1 - ;)

Therefore, for an AQ SPAD, the maximum likelihood detection simplifies to a threshold

detection for short dead times or in low photon rate regimes.

The optimum threshold in (F.3) can also be derived through minimizing the probability of
error given in (4.7) through solving dP,/dky, = 0. For an AQ SPAD, it is shown that (see

Appendix E):
ken kin

S (k) = S (i Any).
k=0 =0

Therefore, (4.7) can be rewritten as:

ktn ktn
1 . n 1 . sn
Po=3 (1 - ;w(z, AW) +3 ;wz, ) (F4)
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The rule of differentiating summations is given by [1]:

2 [Z / <k>] =/ (@). (5)
k=0

Using (F.5), the equation d P, /dk, = 0 can be solved for finding the optimum threshold value.
For the asymptotic cases of A, > 1 or 7 < Ty, dP,/dky, = 0 leads to:

Y (ktns Akyy,) = ¥ (Ktns Ay, )- (F.6)
Substituting (i, \) = Ale*/i! gives:

A k¢
n — e Ms(To—kmnT)
As + An

Taking the natural logarithm of both sides results in:

An
kip In <>\S n )\n> = = ATp + ktnAsT.

Therefore, the threshold value, ky},, which minimizes P, of an AQ SPAD, occurs at:

)\sTb

. ET
As
/\ST +1n <1 + >\>

kin =
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Appendix G
Optimum Threshold for SPAD Array

According to (4.13)), the likelihood ratio is defined as:

~—

L(S) _ psn(s

where pen(s) ~ N (psn, 02,) and py(s) ~ N(un, 02) are the approximate probability mass
functions (PMFs) for the SPAD array photocounts. Substituting the Gaussian expressions for

Psn(s) and py (s) in the above likelihood ratio test gives:

1 o 2
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Taking the natural logarithm results in the following inequality:
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This is a polynomial inequality of degree 2 and is easily solved as:

H
5 2 s (G.3)
Ho

where si;, > 0 and is given by:

2 2 2
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The threshold value in (G.4) can be further approximated as:

s = oo T Hnun (G.5)
On + Osn
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Detection Statistics and Error Performance of
SPAD-based Optical Receivers

Elham Sarbazi and Harald Haas
Li-Fi Research and Development Centre, Institute for Digital Communications
The University of Edinburgh, Edinburgh, EH9 3JL, UK.
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Abstract—This paper presents the characterization of single
photon avalanche diodes (SPADs) for optical communication
applications. SPAD-based optical receivers can provide a sig-
nificantly improved single-photon detection sensitivity compared
with conventional photodiodes. However, an undesirable dead
time introduced by the quenching circuit decreases the perfor-
mance of these receivers. Using a precise analysis, we show that
in the presence of dead time, the photon arrival process does not
follow a Poisson process. Also, the effective count rate is evaluated
and shown to depend critically on dead time. The effect of SPAD
dead time on the error performance of an on-off keying (OOK)
modulation optical communication system is also investigated. It
is shown that, when background counts due to dark current and
afterpulsing are small, the performance degradation of the SPAD-
based receiver due to dead time losses is negligible. However, for
systems with considerable background counts, the bit error rate
(BER) degrades rapidly with increasing dead time.

Keywords—Single Photon Avalanche Diode (SPAD), photon
counting, optical receivers, on-off keying (OOK).

I. INTRODUCTION

The state-of-the-art photodetectors, avalanche photodiodes
(APDs), are susceptible to circuit gain-dependent excess noise
which limits their maximum gain. However, APDs can be used
in the so-called ‘Geiger mode’ in which the extremely high
gain allows single photon events to be detected effectively
and single-photon detection sensitivity can be improved.
In Geiger mode, the diode is biased beyond its breakdown
voltage and the absorption of a single photon will then initiate
an avalanche of charge carriers, which can easily be detected.
However, after each photon detection event, the APD needs to
be quenched to recover from the excess charge carriers. This
quenching process introduces a finite recovery time, known
as the ‘dead time’, during which the device does not respond
to another incident photon.

Geiger-mode APDs, also termed as single-photon
avalanche diodes (SPADs), have been successfully employed
in a number of applications, including three-dimensional
imaging [1], quantum key distribution [2] and deep space
laser communications [3]. Recently, SPADs have been
proposed for use in optical communication applications [4],
[5], and in particular, for some visible light communication
(VLC) applications where long distance transmission requires
highly sensitive receivers capable of detecting a single
photon. For example, the potential application of SPADs can
be in the gas extraction industry, or in downhole monitoring
communication systems [6].

However, to the best of our knowledge, a comprehensive
study of the characteristics of SPAD receivers has not yet
been published. In this paper a detailed analysis of detection
statistics and the main characteristics of SPAD-based optical
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receivers are presented. In particular, analytical modelling and
simulation results are provided which predict the performance
of a SPAD-based receiver.

The rest of the paper is organized as follows. The
photocount statistics of a SPAD receiver are discussed in
Section II, and how the actual count statistics deviate from
the Poisson process in the presence of detector dead time is
explained. We develop a mathematical model for the dead time
modified count probability and employ Monte Carlo methods
to verify the validity of the analytical models. In Section III,
the major constraints which limit the achievable count rate of
SPAD receivers are addressed. Available count rate models
in literature are adopted and confirmed to be applicable
to SPAD receivers through Monte Carlo simulations. The
mathematical count probability derived in Section II is then
used in Section IV to predict the error performance of an
on-off keying (OOK) modulation optical system. Finally,
concluding remarks are given in Section V.

II. PHOTOCOUNT STATISTICS

In the absence of SPAD dead time, the detection of photon
arrival events can be modeled as a Poisson arrival process for
which the probability of detecting & photons over a time period
of [0,T}) is given by:

T k _—\Ty,
po(k; NTy,) = % : M)

where the constant \ is the average photon arrival rate, hence,
ATi, is the average number of photons arriving at the SPAD
during the observation time of 73}, seconds. The photocount
rate \ is related to the power of the optical signal by:
A\ = noels ’ )
hv
where 7 is the quantum efficiency of the SPAD; P, denotes
the power of the incident optical signal; h is the Planck’s
constant; and v represents the frequency of the optical signal.
When the SPAD dead time is considered, the actual count
statistics can be very different from the photon arrival statistics
and the photon counts are no longer Poisson distributed. Any
incident photons which arrive after the initial photon event and
before the end of the quenching process, go undetected. In this
study, a SPAD detector with constant dead time is considered
which cannot record counts for a time interval of fixed dura-
tion, Ty, immediately following the registration of a count. It
is assumed that the SPAD is ready to operate at the beginning
of the counting interval of [0,7},). Therefore, the maximum
observable count during this period is kmax = || + 1, where
0 =Ty /Tq and |x] denotes the largest integer that is smaller
than x. The probability of £ photons being detected during the
time interval of [0,7},) where k < kyax is computed here.
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Assume that k < kpax. Let the time of arrival of photons
be denoted by t1, ta, ..., t where 0 < t; <9 < ... <t <Tj,.
The sample function density on the interval [0,7},) for this
counting process is p(t1,ta, ..., tx, K = k; N\, T}, Ta), which
can be treated as an ideal counting process affected by dead
time. Hereinafter, for simplicity of notations, the sample func-
tion density is denoted by p(t1,to,...,tx, K = k) which can
be calculated as [7]:

p(K=0)=e
pt, K =1)= e~ MTb—Ta)

=Ty,

(3)

(b1, oy b1, K =k — 1) = Al AMTb=(h=1Ta),

where t; +Tyq < t;41 fori = 1,2,...,k — 1. The kth arrival
time, ¢, may or may not fall within the last Ty seconds of the
counting time 73,. Therefore, depending on t:
S, K =k) =
/\Ice—)\(Tb—de)7 te <Tp — Ty
{/\kefk(tkf(kfl)n‘), ty > Ty, —Tq.

p(ti,ta, ...

(4)
In order to obtain the probability of receiving k photons
over the period [0, 73,), the probability density in (4) needs to
be integrated over the region spanned by ¢4, to, ..., {;. Region
{R} is defined as the set of all possible values for arrival times
t1, to,..., ty, and it can be divided into two subsets {R;} and
{Rs} such that, {R} = {R1} U{Ry}, where {R;} consists of
all possible k-tuples which hold the first case of (4), meaning
that the detection of all k£ photons are entirely contained in
[0,T}), while k-tuples of {R2} hold the second case of (4)
and the dead time of the SPAD after detecting the last (kth)
photon extends out of [0,7},). Therefore, the probability of
detecting k photons in the interval [0,7},) is given by:

pr (k) = pi(k) + p2(k) , ©)
where,
P = [ pltrs st K = Dt
{R1}
pa(k) = / p(ti, ...

{R2}
The photon arrival times ¢1, to, ..., t}; belonging to subset { R, }
must satisfy the following inequalities,
0< t; <T,—kTy
t1+Tqg <ty <Tp— (k—1)Ty

(6)
y ks K= k’)dtl...dtk

o1+ Ta <ty <T,—Tqy.

The first integral in (6) can be calculated as:

(AT, — kTy))"

(k) = o e MTb—kTa) ©)
For the subset {Ry}, the detecting times ¢, to, ..., t; of
photons must satisfy the following inequalities:
Th —Ta< tpy <Tp
(k=2)Tq < tp—1 <tp—Tq
0< t; <to—Ty.
and,
k=1 \;
AY( Tb - de AT — kTa)” xez,—k1a)
,f . ®
AN (T - (k-1 Ta) ATy —(k=1)Ts)
=0 7/'
Therefore:
k
=Y (i, \(Ty — kTa))
ZT? ©)
=2 V(AT = (k= 1)Ta))
i=0

where ¢(z,y) = y“e~Y/a! is used for simplicity.

Consider the case where k = ky,.x. In this case, the dead
time of last detected photon ends outside the interval [0, T3,),
then:

(b1, gy ooy b, K = k) = Mo A== DTa) (10)

p[((k) = / p(t1, ..‘,tk,K = k)dh...dtk 5 (11)
{r'}

where the domain of integration {R’} is defined by the
following inequalities:

(k=1DTa< . <Th

(k=2)Ta < tpy <t — Ty
Ta< ta <t3—Tq
0< t; <to—1Tq.

The integral in (11) is then calculated as:

k—1
pr(k)=1=Y ¥ NT—(k=1)Ta). (12)
=0

k k=
‘7201/)(1} MTy, — kTy)) — g:w(i, MT, — (k—1)Tq)) k< kmax

(R} =4 kZO i, A(Ty — (k= 1)Ta)) I = Fia "
0 = k > klnax
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Figure 1.  Probability distribution of SPAD photocounts for 7}, = 1 us,

A =3 x 107 photon/s and § = 0.02.

It is therefore concluded that the probability of counting
k photons by a SPAD with fixed dead time Ty is given by
(13). The probability mass function (PMF) obtained in (13)
is plotted in Fig. 1 and compared with the Monte Carlo
simulation results. In Fig. 2, the PMF is plotted for different
values of & = Ty/T},. Note that for a receiver with no dead
time, the photocount distribution is Poisson with mean ATj,.
In the presence of dead time, the PMF is shifted towards the
lower end as shown in Fig. 2. Furthermore, the probability
density is zero for k > kpyax.

III.  EFFECTIVE COUNT RATE

In all counting systems there are a number of practical con-
straints which limit the minimum and/or maximum achievable
count rate. In the case of SPAD-based devices, background
noise and dead time losses are the two main limiting factors.
While dead time gives restrictions on the highest measurable
count rate, noise causes the limitation in the low count rate
region. The maximum count rate of commercial SPADs is
restricted to a few MHz, due to the slow recharging process
after a detection event, and it is also affected by afterpulsing,
which is an additional source of counting errors and refers to
avalanche events that originate from the emission of carriers
that were trapped in the multiplication region during previous
avalanche events.

SPADs can be considered as a new generation of Geiger-
Muller (GM) detectors which have been widely studied in
published research [8] and various models for their achievable
count rates have been developed which take into account the
effects of dead time losses [9]. Regarding dead time losses,
a SPAD is quite similar to GM counters except the noise
effect is different; unlike GM counters, the background noise,
an intrinsic characteristic of SPADs, is due to the thermal
generation, not an external source of counts.

Detailed studies for GM counters have identified two ideal-
ized models for dead time modified count rate, the paralyzable
and the nonparalyzable dead time models [8]. These models
can also be used for SPAD detectors, provided that all the
device characteristics concerning noise and afterpulsing are
taken into account.

832

0.4 T T T T T T T T T
5= 0. Analytical
0.35[ *  Simulation| 7
0.3F
0251
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E 02
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0.1
0.05
0
0 5 10 15 20 25 30 35 40 45 50
Number of counted photons
Figure 2. Probability distribution of SPAD photocounts for T}, = 1 us,

A = 3 x 107 photon/s and different values of &.

In a nonparalyzable SPAD, any photon arriving during the
dead time is neither counted nor has any influence on the
dead time duration; while for the paralyzable case, any photon
arrival occurring during the dead time is not counted but is
assumed to extend the dead time period. In these two cases
the relationship between the true counting rate (i.e. photon
rate), ), and the effective count rate (i.e. observed rate), X, is
given by [8]:

N = /\e—)\Tp ,
R (14)
B 1 + /\Tnonp ’

paralyzable :

nonparalyzable : )\

where T}, and T},o,p are the paralyzable and nonparalyzable
dead times, respectively. In addition, assuming a time interval
of Tj, seconds, the maximum predicted count rate for the
nonparalyzable case would be 1/Tyonp, Which is also called
‘saturation count rate’, meaning that a SPAD is not able to
reach count rates higher than this value. For the paralyzable
case, however, the peak count rate would be lower than 1/7},
because each photon arriving during dead time, prolongs the
dead time duration.

Note that two approaches can be followed to recover the
SPAD after a successful detection: passive quenching and
active quenching. In general, passive quenched circuits show
a paralyzable dead time behavior, whereas active quenching
generates a short nonparalyzable dead time [10].

The comparison between the Monte Carlo simulations
and the above dead time modified count rate models for a
single SPAD, for a count interval of 7}, = 1 us is given
in Fig. 3. These Monte Carlo simulations demonstrate that
the predictions of the analytical framework perfectly match
with the simulation results. The nonparalyzable case reaches
the theoretical saturation count rate of 1/7},onp and the peak
count rate of the paralyzable type occurs at 1/(eT},), accurately
predicted by the paralyzable model.

In Fig. 4, the effect of SPAD dead time on the achievable
count rate is investigated. As shown, for a given photon rate,
when the dead time is increased, the achievable count rate
decreases and both paralyzable and nonparalyzable SPADs will
reach a lower peak or saturation count rate.
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Figure 3. Effective count rate comparison of nonparalyzable and paralyzable
SPAD receivers with respect to photon rate (Thonp = 1p = 30 ns).

IV. PERFORMANCE EVALUATION

SPADs can be used as photon counting receivers in optical
communication systems. In a photon counting receiver the
dominant noise source is the background counts which mainly
arises from dark counts, afterpulsing and ambient light, and
will determine the achievable BER. However, the dead time is
another limiting factor for the performance of any SPAD-based
receiver. In the following, the effect of background counts and
the dead time on the performance of a SPAD-based receiver is
investigated and the bit error probability for OOK modulation
is provided. In OOK modulation each bit is transmitted by
either pulsing the light source on or off during each bit time
interval, say 7}, seconds long, so that one data bit is sent
every Tj, seconds. Hence the system transmits at the bit rate
Ry, = 1/Ty,.

Assuming that As and A, are the average photon rates from
source and background noise, respectively, Ky = AT}, and
K, = AT, are the contributions to the average count from
the signal and background noise per bit interval 73,. When a
“0” bit is transmitted, the average number of photons impinged
on the SPAD per bit time interval is K,,, and when a “1” bit
is transmitted, the average number of received photons per bit
time interval is K + K. Therefore, according to (13), pn(k)
and ps, (k), the probability that exactly &k photons are counted
by the SPAD in the counting interval of 73, seconds, when “0”
or “1” are sent, respectively, are given by:

Po(k) = prc(k; An, To, Ta)
psn(k) = pK(k‘ As + )\H7Tb7 Td) .

5)

In this system, decoding is simply achieved by a threshold
comparison. The number of counted photons is compared with
a threshold myp. A decoding error will occur if & < mr when
a “1” bit is sent, or if k& > mr, when a “0” bit is sent. Hence
the probability of error for equally likely bits is:

1

1
P, = 5Pr{k>mT|0}+§Pr{k§mT|1} . (16)
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Figure 4. Effective count rate comparison of nonparalyzable and paralyzable
SPAD receivers for different dead time values.

Considering the dead time modified count probabilities in (15):

1 oo 1 mT
Pe=5 > (k)5 pan(h). an
k=mr+1 k=0

In (17), the upper limit of the first summation can be
replaced by kpax. The error probability, P., highly depends
on mp which can be selected to yield the lowest probability
of making an error. This occurs at the value of mt where
dP./dmt = 0. Using the definition of incomplete gamma
function and the rules of differentiating summations [11]:

- {Zf(k)} —f @),
7 Lk=0

2 {Zf(k)} ——f-1),
k=xz

it can be shown that the threshold value mt which minimizes
P, occurs when the following equation holds:
F(ﬂlT, K4) - F(mT, KQ)
_ T(mr+1,K3) =T(mr +1, K1)
= . ,

(18)

19)

where Kl = )\n(Tb - mTTd), K2 = /\\n(Tb - (mT - 1)Td),
K3 = (>\§ + /\n)(ﬂ) - 7nTTd)s and K4 = (/\: + /\n)(ﬂ) -
(mr —1)T4) have been used for simplicity of representing the
equation. This equation can be solved numerically to obtain
mT.

The probability of error given in (17) is evaluated and
compared with simulation results in Fig. 5, using the threshold
obtained in (19). Independent count statistics are assumed for
each transmitted bit and 7}, = 1 ps is further assumed. In
this figure, BER is plotted as a function of K for different
values of K, and ¢. As demonstrated, Monte Carlo simulations
and analytical calculations result in perfectly matching curves.
Also note that the threshold depends on the average number of
received photons from both source and background noise, and
this highlights a technical challenge with the OOK systems,
as K, and K, must be known exactly to optimally set the
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Figure 5. Analytical (solid curves) and simulation (asterisks) BER results of
a SPAD-based receiver for different values of § and K.

threshold.

Note that the performance of the SPAD-based receivers de-
pends strongly on the background count statistics. For SPADs
with no background noise, the effect of dead time on BER
is negligible for small values of K as in Fig. 5. However,
when background noise is present, the performance becomes
very sensitive to the dead time. According to Fig. 5, even for
K,, = 1, the performance is sensitive to the SPAD dead time,
and this becomes more apparent, when K, increases. Also,
it is apparent that for a given K,,, a higher signal power is
needed to maintain the system performance in the presence
of detector dead time. In other words, to achieve a particular
BER, the larger ¢ is, the higher K should be.

In Fig. 6, BER is plotted as a function of . As shown,
when K, = 1 and for different values of K (black curves), at
small values of ¢, the effect of dead time on the BER is almost
negligible. As the dead time increases, however, the BER starts
to increase and a slight distortion is observed. This increasing
trend of BER with respect to § is more significant for larger
values of K, and as K increases, the distortion in the BER
curve occurs at a lower value of §. As shown in Fig. 6, for
K = 30 and different values of K, (red curves), as the dead
time increases, the BER starts to increase, and 6 > 0.03 results
in a significant distortion in the BER curves.

V. CONCLUSION

In this paper, a comprehensive study of SPAD-based optical
receivers is conducted and the effect of SPAD dead time on the
photon counting process and maximum achievable count rate is
investigated. It is shown that, unlike conventional photodetec-
tors for which the detection process can be well approximated
by a Poisson arrival process, SPAD count statistics are affected
by its dead time, and the number of detected photons over a
fixed time interval does not follow a Poisson distribution. In
addition, the error performance of an OOK modulation optical
system is derived in terms of SPAD dead time and background
counts. It is shown that the distorted count statistics result in a
higher bit error rates, and a higher signal intensity is required
to maintain system performance.

834
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Figure 6. Probability of bit error versus SPAD dead time ratio with different
background counts for OOK modulation.
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Abstract—In this paper a novel photon counting receiver for
optical communication applications is proposed. The proposed
receiver is a single photon avalanche diode (SPAD) array which
can provide a significantly improved detection sensitivity com-
pared to conventional photodiodes. First, the detection statistics
and main characteristics of a single SPAD receiver is presented,
and the effects of the SPAD dead time, which is introduced
by the quenching process, on the counting probability and
effective count rate are studied. The approach is then extended
to account for SPAD arrays. Using a Gaussian approximation,
the counting distribution of a large size SPAD array is derived
and effective count rate of arrays with different sizes is evaluated
and compared. It is found that even in SPAD arrays, dead time
still has a significant role in the maximum achievable count rate,
and the fill factor of the array greatly affects the performance
and count rate and has to be carefully dealt with. The impact of
SPAD background counts and fill factor on the error performance
of an on-off keying (OOK) modulation optical communication
system is also investigated. It is shown that the bit error rate
(BER) depends critically on back ground counts and improves
with increasing fill factor.

Keywords—Single Photon Avalanche Diode (SPAD), SPAD
arrays, photon counting, optical receivers, on-off keying (OOK).

I. INTRODUCTION

Visible light communications (VLC) has recently been
an area of interest, and new devices have been proposed as
potential transmitters and/or receivers for VLC systems. There
has been significant progress towards the realization of optical
receivers fully integrated with the standard digital CMOS
technology. Recent trends towards integrated CMOS high-
speed optical receivers have specially employed avalanche
photodiodes (APDs), but the maximum achievable gain of an
APD is limited due to low sensitivity and the gain-dependent
excess noise. This requires the use of intricate high gain
transimpedance amplifiers (TIAs), limiting amplifiers (LA) and
adaptive equalizers.

To address these challenges, APDs can be used in the
so-called ‘Geiger mode’ as single photon avalanche diodes
(SPADs). In Geiger mode, the SPAD is biased beyond its
breakdown voltage. As a result, due to the high electric field,
the absorption of a single photon will initiate an avalanche
of charge carriers which leads to a large internal gain. The
extremely high gain allows single photon events to be detected
effectively and single-photon detection sensitivity can then be
improved. However, after each photon detection event, the
SPAD needs to be quenched to recover from the excess charge
carriers. This quenching process introduces a finite recovery

978-1-4673-7726-3/15/$31.00 ©2015|EEE 132

time, known as the ‘dead time’, during which the device
does not respond to another incident photon. Two approaches
can be followed to recover the SPAD after a successful
detection: passive quenching and active quenching. In general,
passively quenched circuits show an extended or paralyzable
dead time behavior, whereas active quenching generates a short
constant or nonparalyzable dead time. In a SPAD device with
nonparalyzable deadtime, any photon arriving during the dead
time is neither counted nor has any influence on the dead time
duration; while for the paralyzable case, any photon arrival
occurring during the dead time is not counted but is assumed
to extend the dead time period [1].

Various types of SPADs have been successfully employed
in a number of applications, including three-dimensional imag-
ing [2], quantum key distribution [3], and deep space laser
communications [4]. The high sensitivity and time resolution
of SPADs have recently highlighted the potential of employing
SPADs as photon counting receivers for VLC systems [S]-
[8]. They can be used with the long term aim of power
efficient and highly sensitive receivers and are particularly
attractive because they are able to closely approach quantum-
limited sensitivity in the detection of weak optical signals in
long distance communications, such as in the gas extraction
industry, or in downhole monitoring systems [9].

Nevertheless, to the best of authors’ knowledge, there
is limited published research on the detection statistics of
SPAD receivers in literature. In [10], we presented a thorough
characterization and detailed analysis of detection statistics of
a single SPAD with nonparalyzable dead time, operating as an
optical receiver. In this paper, we extend our previous approach
and characterize an array of SPADs for optical communication
applications. In particular, analytical modelling and simulation
results are provided which predict the performance of a SPAD-
based array receiver. Throughout this paper, a SPAD device
with a nonparalyzable dead time is considered.

The rest of the paper is organized as follows. The photo-
count statistics and count rate of a single SPAD and a SPAD
array are discussed in Section II, and how the count statistics
and effective count rate are affected by SPAD dead time is
explained. An approximate mathematical model for the count
probability of a SPAD array is developed and Monte Carlo
methods are employed to verify the validity of the analytical
models. Furthermore, the major constraints which limit the
achievable count rate of SPAD receivers are addressed. The
mathematical counting distribution of the SPAD array derived
in Section II is then used in Section III to predict the error
performance of an on-off keying (OOK) modulation optical
system. Finally, concluding remarks are given in Section IV.
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II. PHOTOCOUNT STATISTICS
A. Single SPAD

1) Probability Mass Function (PMF): In the absence of
SPAD dead time, the detection of photon arrival events can be
modeled as a Poisson arrival process for which the probability
of detecting k photons over a time period of [0,7},) is given
by:

( )\Tb)k efATb
k! ’

where the constant A is the average photon arrival rate, hence,
ATi, is the average number of photons arriving at the SPAD
during the observation time of 73, seconds. The photocount
rate \ is related to the power of the optical signal by:

po(k; ATh,) = 1)

A= 1Bl @
hv
where 7qE is the quantum efficiency of SPAD; Ps denotes the
power of the incident optical signal; A is the Planck’s constant;
and v represents the frequency of the optical signal.

When the SPAD dead time is considered, however, the
actual count statistics can be very different from the photon
arrival statistics and the photon counts are no longer Poisson
distributed. Any incident photons which arrive after the initial
photon event and before the end of the quenching process,
go undetected. In this study, a SPAD detector with constant
dead time is considered which cannot record counts for a
time interval of fixed duration, 7, immediately following the
registration of a count. It is assumed that SPAD is ready to
operate at the beginning of the counting interval of [0,7}).
Therefore, the maximum observable count during this period
is kmax = [0] + 1, where 6 = Ti,/7 and |z| denotes the
largest integer that is smaller than x. In [10], the detection
statistics of a single SPAD was investigated and it was shown
that the probability of k photons being detected during the
time interval of [0,7},) is given by [10]:

k
(M) = X (i Aem1) k< K

=0 =0
k)= k=1 3
pK( ) 1- Z 7/)(1'7 /\k‘fl) k= kmax ( )
i=0
0 k> Emax

where Ay = ATy, — k1), \e—1 = AT, — (K — 1)7) and the
function (i, \) is defined as:

Ne™A
i

Wi, ) = @

2) First and second moments: The mean and variance of
the photocount distribution in (3) are:

Emax—1 k
K = kmax = Y Y (M), (5)
k=0 =0
kmax—1 k
of = D> > (hkmax — 2k — 1)¥(i, A)
A ) ®
< Zu(i.,m)
k=0 =0
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Figure 1. Geometry of a SPAD array.

It can readily be verified that as dead time goes to zero,
the PMF in (3) approaches the ideal Poisson distribution. In
such a case, the limiting relations lim,_,opux = AT}, and
lim, g crf( = AT}, in (5) and (6) can also be confirmed, where
ATy, is the mean value of the ideal Poisson distribution.

3) Approximation of PMF for large mean counts: In the
case where the mean count is large, it can be shown that the
count distribution of (3) may be approximated as

pr (k) = Yk, Ar), (7
for k < kmax.

4) Effective count rate: In a SPAD-based receiver, back-
ground noise and dead time losses limit the minimum and/or
maximum achievable count rate. While dead time gives re-
strictions on the highest measurable count rate, noise is the
limitation in the low count rate region. The maximum count
rate of commercial SPADs is restricted to a few MHz, due to
the slow recharging process, also called ‘quenching process’,
after a detection event, and it is also affected by afterpulsing,
which is an additional source of counting errors and refers to
avalanche events that originate from the emission of carriers
that were trapped in the multiplication region during previous
avalanche events.

SPADs can be considered as a new generation of Geiger-
Muller (GM) detectors which have been widely studied in
published research [11], [12]. Provided that all the device
characteristics concerning noise and afterpulsing are taken into
account, a SPAD with constant dead time can be treated as
a nonparalyzable GM counter, in which any photon arriving
during the dead time is neither counted nor has any influence
on the dead time duration. According to the nonparalyzable
dead time count rate model, the relationship between the true
counting rate (i.e. photon rate), A, and the effective count rate
(i.e. observed rate), )\, is given by [11]:

A

N=—u"—
1+)\Tnonp '

(3)
where Tyonp is the nonparalyzable dead time. Note that as-
suming a time interval of 73, seconds, the maximum predicted
count rate for the nonparalyzable case would be 1/ Thonps
which is termed ‘saturation count rate’, meaning that a SPAD
is not able to reach count rates higher than this value.
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B. SPAD Array

To increase the capacity of the photon counts, an array of
SPADs may be considered which outputs the superposition of
the photon counts from the individual SPADs. Other than the
dead time of the single SPADs, the Fill Factor (FF) of the
SPAD array affects the photocount distribution. FF is defined
as the ratio of the SPAD total active area to the total array area
and it represents the probability that the incoming photons hit
the active area.

Figure 1 illustrates the configuration of a rectangular SPAD
array consisting of R x C' single SPADs as the cell element
of the array. The FF coefficient of this array is given by:

lw
(+9)(w+g)

Array elements are indexed with the subscripts mn, where
1<m< Rand 1 <n < (C, to denote their position within
the array.

Crr = ®

1) Probability distribution, mean and variance: In the ab-
sence of dead time, Poisson counting process will be observed
at each element of the array. However, when dead time is
present and the effect of FF is considered, the PMF in (3) can
be rewritten for the mnth element of the array as pg (k)
with parameters

Ti
kmax,mn = \\_bJ +1 )

mn

= CFF)\mn (Tb - kmnTmn) 3

where A, is the average photon arrival rate at mnth SPAD
and T,,, is the dead time of the mnth element.

Assuming independent statistics for each SPAD in the
array, the joint sample function density of the SPAD array
can be described as:

R C
Pr(n) = H HpK(kmn)v

m=1n=1

N

mn

(10)

where n = [k11, k12, ..., kr(c—1), krc].

Considering independent random variables, K,,,, as the
number of photon counts at mnth element of the array, a new
random variable can be defined as:

R C
X = Z Zmev

m=1n=1

an

Therefore, the probability distribution of X is expressed as:

px(z)=> > .. > Pr(n),

(13)
ki1 k12 kpre-1)
R C-1
where n/ = [kfll, k’lz, .4.,]{?13((;,1),11? — z Z kmn]~
m=1n=1

It is in general challenging to obtain a closed-form ex-
pression for (13), nevertheless, an approximate expression for
px(x) can be obtained when the number of array elements is
large. In that case, according to Central Limit Theorem (CLT),
the dead time modified counting distribution of a SPAD array
can be approximated by a Gaussian distribution:

pX(-T) NN(/Lx,(}'i), (14)
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Figure 2. Probability distribution of a 64 x 64 SPAD array photocounts for
Ty, =1 ps, A = 3 x 107 photon/s, Cpp = 0.64 and § = 0.005.
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Figure 3. Probability distribution of a 64 x 64 SPAD array photocounts for

T, =1 ps, A = 3 x 107 photon/s, Crp = 0.64 and different values of J.

where,

Here, ftmy, and o2, are the mean and variance of the photo-
count distribution of the mnth SPAD in the array.

The exact counting distribution in (13), calculated using
numerical methods, and the approximate counting distribution
obtained in (14) are plotted in Fig. 2 and compared with the
Monte Carlo simulation results. In Fig. 3, (14) is plotted for
different values of § = 7/T},. As shown, the Monte Carlo sim-
ulation results and the Gaussian approximation are perfectly
matched and this confirms the validity of the approximation
approach. Also note that as the dead time increases, both
the mean and variance of the photon counts decrease and
this is in total agreement with the analytical approximations.
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Figure 4. Analytical (solid curves) and simulation (asterisks) results for

effective count rate of different SPAD arrays with Cyp = 0.64 for various
dead time values.

Furthermore, note that throughout this paper, in all simulation
results, practical values for SPAD parameters are assumed
which are all adoped from [6] and [7].

2) Effective count rate: For a SPAD array, the achievable
count rate is expected to be improved as the number of array
elements increases. Assuming identical array elements and
constant photon arrival rate, the nonparalyzable count rate
model in (8) can be modified for a SPAD array of size R x C'
elements as:

, ARC

= — 15
1 + )\Tll()l'lp ’ ( )

The comparison between the Monte Carlo simulations and the
above dead time modified count rate model for a SPAD array,
is given in Fig. 4 where the observed count rate for arrays of
different sizes are compared. According to these curves, the
saturation count rates are scaled by the size of array compared
to a single SPAD. Also note that the dead time has a significant
effect on the maximum achievable count rate and it determines
the saturation level of the count rate.

III. PERFORMANCE EVALUATION

SPADs can be used as photon counting receivers in optical
communication systems. In a photon counting receiver the
dominant noise source is the background counts which mainly
arises from dark counts, afterpulsing and ambient light, and
will determine the achievable BER. However, the dead time is
another limiting factor for the performance of any SPAD-based
receiver. In the following, the effect of background counts and
the dead time on the performance of a SPAD-based receiver is
investigated and the bit error probability for OOK modulation
is provided.

In OOK modulation each bit is transmitted by either
pulsing the light source on or off during each bit time interval,
say T}, seconds duration, so that one data bit is sent every Tj,
seconds. Hence the system transmits at the bit rate Ry, = 1/73,.

Assuming As and A, as the average photon arrival rates
from source and background noise, respectively, Ky = AT},
and K, = A\,T} are the contributions to the average count
from the signal and background noise counts per bit interval
T, for each array element. When a “0” bit is transmitted, the
average number of photons impinged on each single SPAD per
bit time interval is K, and when a “1” bit is transmitted, the
average number of received photons per bit time interval is
K, + K,,. Therefore, according to (13), po(z) and p;(z), the
probability that exactly = photons are counted by the SPAD
array in the counting interval of 73, seconds, when “0” or “1”
are sent, respectively, are given by:

pO(T") = pX(T7 )\n) 5
pl(l‘) = pX(‘T§ As + )\n) .
In this system, decoding is simply achieved by a threshold
comparison. The number of counted photons is compared with
a threshold z. A decoding error will occur if z < xp when
a “1” bit is sent, or if x > x, when a “0” bit is sent. Hence
the probability of error for equally likely bits is [13]:

(16)

1 1
P = §P1'{x>xT|0}+§Pr{:r§:rT|l} . (17)
Considering the count probabilities in (16):
Po=5 Y. (@) +5) m). (18)
r=xr+1 =0

In order to calculate the probability of error in (18), the
Gaussian approximation in (14) can be applied to po(z) and
p1(x) so that po(x) ~ N(po,03) and pi(z) ~ N(u1,07).
Note that the array size is assumed to be sufficiently large,
hence, this approximation is valid. Therefore, P. can be
approximated as:

1 [ 1 o
Pt [Tp@de +2 [ pie) de
2 T 2 JO

T

- 50 (M) +1o <u> _

an 2 o1
where, Q(z) = 1/v2r [ exp(—a?/2) da is the Q-function.
The error probability, P., highly depends on zr which can be
selected to yield the lowest probability of occurring an error.
This occurs at the value of zp where dP./dxr = 0. It can

be shown that the threshold value 1 which minimizes P, is
given by (20) which can be further approximated as:

09 + poo1
T=———".

(19)
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When this threshold is used, the resulting P. in (19) is

simplified to:
P.=Q (u) ) (22)

g1 + (o))
2= 2H(E -2 ()

0 1 0 1 , (20)

R
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Figure 5. Analytical (solid curves) and simulation (asterisks) BER results of a
64 x 64 SPAD array receiver for different values of Cpp and Ky (T}, = 1 us
and 7 = 1 ns).

Note that with the assumption of a Gaussian distribution,
P, depends only on the difference of the photodetected mean
values. Thus any contribution to both means, such as from
dark current or background noise, would not effect the 111 — 1o
term, these will however contribute to the variances. Defining
the signal-to-noise-ratio (SNR) as:

(1 — Mo)z
SNR = ———75 (23)
(o1 4+ 00)
P. can also be written as:
P. = Q (VSNR). (24)

The probability of error given in (22) is evaluated and
compared with simulation results in Fig. 5, using the threshold
obtained in (21). Independent count statistics are assumed for
each transmitted bit, and it is assumed that the array elements
are identical and 7j, = 1 ps. In this figure, BER is plotted
as a function of K for different values of K, and Cppr. As
shown, Monte Carlo simulations and analytical models result
in perfectly matching curves. Also note that the threshold
depends on the average number of received photons from
both the source and background noise, and this highlights a
technical challenge with the OOK system, as Aq and A, must
be known exactly to optimally set the threshold.

According to this figure, it can also be concluded that
the array FF has an important role in the performance of a
SPAD-based array receiver where the increase in the array FF
improves the system performance.

IV. CONCLUSION

In this paper, a comprehensive study of SPAD-based op-
tical receivers is conducted. The detection statistics and main
characteristics of single SPAD and SPAD array receivers are
discussed and it is shown that, the counting distribution of a
large size SPAD array can be well approximated by Gaussian
distribution. The effects of SPAD dead time and array fill
factor on the photon counting process and the maximum
achievable count rate is also investigated. In addition, the
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error performance of an OOK modulation optical system is
studied and it is concluded that as the background counts
increase, a higher signal power is needed to maintain the
system performance.
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Abstract—In this paper, the information rate of single photon dead time introduced by the quenching process is consteatt, t
avalanche diode (SPAD) receivers with active quenching @uits s, any photon arriving during the dead time is neither cednt
for optical communication systems is studied. The SPAD redeer nor has any influence on the dead time duration. Thus AQ

is modeled as a discrete memoryless channel (DMC), and the )
information transfer rate is studied using an information theo- SPADs are defined as nonparalyzable detectors and generally

retic approach. To assess the input-output information traisfer ~have higher count rates than PQ SPADs [7].
rate of the SPAD optical receiver, a channel capacity metrids Quenching circuits directly affect the performance of the
proposed which is a function of several parameters includig device because of the dead time they introduce for the re-
average signal photon count, SPAD dead time, and SPAD averag ¢qyering process. The relatively long dead time due to the
background counts. The proposed metric can be used for theet- - . .
ical optimization of the device structure and operating comlitions. slow re_covery process, limits cpuntlng rgtes, and re.smlts !
Performance results are presented based on the proposed miet & considerable count loss relative to an ideal dead time-fre
photon counting detector, however second order effects asic
Index Terms—Single Photon Avalanche Diode (SPAD), active afterpulsing, prevent arbitrarily short dead time. Thectéme
quenching, photon counting, dead time, channel capacity. of commercially available SPAD receivers vary in the rantje o
a few nanoseconds to tens of nanoseconds, causing sighifican
losses for communication links with slot widths of the same
Single Photon Avalanche Diodes (SPADs) are gaining irder. This has motivated recent studies on characterizing
terest in the field of optical wireless communications (OWQpsses due to the SPAD dead time [8], [9]. Furthermore,
owing to their high power efficiency, high sensitivity, highwhile dead time confines the highest measurable count rate,
detection efficiency, and high timing resolution [1]-[3PADs background noise limits the low count rates.
are able to closely approach quantum-limited sensitivity i To date, there has been extensive work on designing
the detection of weak optical signals and this has recen®PAD receivers for a number of applications including three
highlighted the potential of employing them in applicasondimensional imaging [10], quantum key distribution [11hda
where long distance transmission requires highly semsitideep space laser communications [12], and much effort has
receivers capable of detecting a single photon [4], [5]. been devoted to optimizing the SPAD key performance metrics
SPADs are semiconductor devices with p-n junctions arfd.g. detection efficiency, dead time, dark count rate,rtgmi
are operated in avalanche breakdown photon counting mojiter, etc.) to improve its performance for communication
also termed as ‘Geiger mode’. In Geiger mode, the p-n jungurposes [1], [2], [4], [13]. In all the aforementioned altis,
tion is biased above the breakdown voltage such that ind@tid the impact of SPAD dead time and dark current on the
photons trigger an avalanche breakdown. The avalanchk-brgaerformance of the systems have been experimentally eglor
down results in a strong output current spike which is theand it is reported that due to these non-idealities the dugte
individually counted [6]. Every time an avalanche breakdowis limited. Currently, efforts are underway to integrateASP
occurs, the output current has to be quenched by lowering #lements directly with quenching circuitry using standaigt
bias voltage down to or below breakdown voltage to stop tfital CMOS technology. Aiming to achieve higher output rates
avalanche event, and in order to detect a subsequent phofon,optical communication applications, SPAD arrays fully
the bias voltage must be raised again. This is accomplishategrated with the CMOS technology have been implemented.
by a suitable electronic circuit known as ‘quenching citcui Nevertheless, highest achievable data rates are stifiatest to
During the quenching process, SPAD is unresponsive foragfew tens of MHz. The effect of dead time can be mitigated
circuit specific ‘dead time’. Two approaches can be followed by improving the performance of active quenching circuits
design a quenching circuit: passive quenching (PQ) andeactand by device multiplexing techniques. For example in [2],
guenching (AQ). The configurations of PQ and AQ circuits are reconfigurable 3232 SPAD array receiver integrated in
presented in [7]. In general, PQ SPADs are identified as patandard 130 nm CMOS is presented for optical links and
alyzable detectors where any photon arrival occurringrduri the properties of the receiver for optical communicatiores a
the dead time is not counted but is assumed to extend the deaestigated, and a data rate of 100 MHz is reported.
time period; while in an AQ SPAD device, the duration of the While SPAD detectors remain an active area of develop-

I. INTRODUCTION
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ment, there does not exist enough theoretical analysishwhit was shown that the probability éf photons being detected
would specify the performance limitations of these reasive during the time interval of0, 73,) is given by:
In [8], we studied the effect of dead time on the photocount

statistics of a single SPAD receiver where the probability o XA: (i, M) — kil O(i,  em1) k< kmax
detection and the error probability in an optical commutiica i=0 i=0

system were analyzed. Also, in [9], the counting distribati prc(k;\) = 1- kil (i, A1) [ (©)]
and count rate of SPAD arrays were discussed. The aim i=0

of this study is to investigate how the maximum achievable 0 k> kmax

information transfer rate of a SPAD receiver is limited byino
ideal behavior of an AQ circuit.

The rest of this paper is organized as follows. In Section I, @)
a brief review of SPAD photocounting statistics in the prese
pfdead time is given, and the impact of dead 'Fime.on 'the max-z) First and second moments. The mean and variance of
imum a_chlevable count ra_\te of the SPAD receiver is dls_cuss?lqe photocount distribution in (3) are derived as:
In Section Ill, the modeling of a SPAD device as a discrete

where\, = A\(T}, — k7); and the function)(.) is defined as:

P
T

(i, \)

memoryless channel (DMC) with binary inputs is presented, Bl ko
and the channel capacity metric is introduced to assess the fr = ko — Y Y (i, M), (5)
information transfer rate of the SPAD receiver. In Sectign | k=0 i=0

the numerical results are presented, and discussions on the
effect of various parameters on the information transfer od

the SPAD receiver are provided. Finally, concluding rersark
are given in Section V.

k
2 _
O =

=
EANPZH
i M;
< |

L

1=

kmax—1 2
- ( > i, )\k)> .

k

(2kmax — 2k — 1) (i, i)
% (6)
=0

0 1

II. SPAD COUNTING STATISTICS
It can be verified that as dead time goes to zero, the PMF
In the following, the key statistical characteristics of Al n (3). approache; the'ldeal Poisson dlstrlbutlgn. In s“,?’mvc
he limiting relationslim, o ux = AIj, andlim, oo05 =

SPADs are summarized: . .
- . AT}, can also be confirmed, whergl}, is the mean of the
1) Probability Mass Function (PMF): In the absence of jyaa1 Poisson distribution.

SPAD dead time, the detection of photon arrival events can beg) Effective count rate: For a SPAD detector, background
modeled‘as a Poisson arrival process f_or el thg pr.Obﬂb"i:ounts and dead time losses limit the minimum and maximum
of detectingk photons over a time period 46, 7t,) is given achievable count rates. While dead time puts restrictians o
by [14], [15]: the highest measurable count rate, background noise lihdts
AT lowest cpunt rgte. The maximum count rate of‘ commercial
polki \) = (ATh)"e , (1) SPADs is restricted to a few MHz, and the main reason of
' k! this low bandwidth response is the slow quenching process
after a detection event. There is another source of counting
where the constank is the average photon arrival rate (inerrors called afterpulsing, and it refers to avalanche t&ven
photons/sec), and hencel}, is the average number of photonshat originate from the emission of carriers trapped in the
arriving at the SPAD during the observation time ®f multiplication region during previous avalanche eventhe T
seconds. The photocount rates related to the optical signal afterpulsing phenomenon, prevent arbitrarily short desae t

power by [14], [15]: and hence, limits the maximum achievable count rate indi-
rectly.
A= nqe s ‘ o) According to the nonparalyzable dead time model for
hy single-photon detectors, the relationship between thaahct

count rate (i.e., incoming photon rate), and the effective
wherenqg is the quantum efficiency of SPALF; denotes the count rate (i.e., observed rateY, is given by [16], [17]:
incident optical signal power is the Planck’s constant; and
v represents the optical signal frequency. N o= A ;

When the SPAD dead time is considered, however, the L+ A7
photon counts are no longer Poisson distributed. Assumindpere = is the nonparalyzable dead time for an AQ SPAD.
that the SPAD detector is ready to operate at the beginninghdte that, the maximum predicted count rate would be equal
the counting interval, the maximum observable counts durito 1/7, assuming a time interval df, seconds. This is termed
this period iskmax = |Th/7]+1, wherer is the dead time and as ‘saturation count rate’, which means that an AQ SPAD is
|z] denotes the largest integer that is smaller thahn [8], not able to reach count rates higher than this value.

o
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I1l. CHANNEL CAPACITY (0

The reliability performance of SPAD receivers is specified ‘\ .~ /O
/ (

by the error and detection probabilities. The maximum achie
able data rate is another key metric to characterize SPAD
receivers, and this determines whether or not it is suitédile
optical communication systems. To address this questien, t
SPAD detector can be assumed as a communication channel,
and in this case the channel capacity would be the apprepriat
metric to assess the input-output information transfee rat
of the SPAD receiver. In this context, the relevance of the
channel capacity as a performance metric is clear. As long
as the transfer rate of information through the SPAD device
is less than the SPAD capacity, it is possible to make the
error probability arbitrarily small with proper modulati@and
coding. In the following, the capacity of the SPAD receiver a
a communication channel is investigated.

A. Discrete Memoryless Channel (DMC) P ryx@0) 0
Here, the SPAD receiver is modeled as a DMC which R N

comprises a finite input alphabét = {z1,z2,...,2x}, and Y\x(o\ﬂ T~ Py (1)

a finite output alphabe¥ = {y1, v, ..., yar}. Let px(z;) be 1 o—"" ) —=0@

the probability that the inpuk takes the value;, fori =1, 2, (b) Hard Decisions

... N, and letpy (y;) be the probability that the outpiit takes

the valuey;, for j =1, 2, ..., M. Definepxy (z;,y;) as the Fig. 1. DMC modeling of a SPAD receiver.

joint probability of the random variable¥ andY evaluated
for z; andy;, and also defingy| x (y;|=;) as the conditional
probability, which expresses the probability of observihg

: . Assumin inary signalin for the SPAD receiver
output symboly; given the input symbok;. The mutual ssuming a binary signaling case for the S ecelver,

- - 4 - _ 7 the inputX takes the value 1 when a signal is present, and

:Qfoir\r/'r;itlgnﬁ(.aéi,gﬁ)g]b.etween the event® =z; andY =y; 4 ynen there is no incoming photon. Two categories may be

9 y ! ’ considered depending on the SPAD output and the type of
I(zi;y;) = log [pyx (yjlzi)] — log [py (y;)] information provided to the decoder by the SPAD receiver:

- pwx(yj\wq:) (8) 1) The SPAD receiver makes no explicit symbol decision,

=08 py(y;) |’ but passes on the slot counts directly to the decoder.

where the logarithm is taken to the base 2. The average mutual This process is termed as "soft decision”. The soft

information between the inpuX’ and the output” is then: decision capgglty IS expre_;sed as a function of the
channel conditional probabilityy | x (y|x).

I(X;Y) = Z pry(w,-,yj)log {pY\X(l/j\wi)] ) 2) The SPAD is designed such that it makes estimates of

p— Py (y5) each input symbol, passing on these estimates to the
. Y . decoder. This process is termed as “hard decision”. The
which can be rewritten for simplicity as: “hard decision” capacity is expressed as a function of

Py x (ylr) the probability of symbol errors.
HxY) = Zszy(z’m log { py (y) } Fig. 1 shows the DMC model for the SPAD receiver with
v (10) soft and hard outputs. In the following, the soft and hard
= Zpr(w)PY\x(y\x)log [M} , decision capacities for the SPAD receiver with dead time are
PR Py (y) discussed.

wherez andy represent the values of the random variablg$ o, Decision Capacity

X andY. Also, the marginal PMRy (y) is given by: ) . . .
Define \s as the average incoming signal photon rate. Note

py () :pr(.'l:)py‘x(y‘.’lf). (11) that the SPAD receiver has an internal source of Poissor

B distributed noise, due to background counts such as dart

Therefore, if the conditional probabiliyy-| x (y|) is given for ~counts and afterpulsing. Let the average photon rate frem th
the channel/(X;Y) in (10) can be maximized with respectackground noise be denoted by. Therefore, whenX = 0,

to px (x) to obtain the channel capacity as: the average number of photons in the time intefoal},) is
K, = \Ty, and if X = 1, the average number of received
C= lf‘;‘(ﬁ’f) I(X;Y) (12) photons isK; + K, = (As + Au)Th. According to (3), the
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probabilities that exactly: photons are counted by the SPADandé = 7/7j, is the dead time ratio. Based on (17)—(20), and
receiver in the counting interval df;, seconds, denoted asusing (10), the average mutual information is calculated as

pn(k) andpsg, (k), for the corresponding input values &f = 0
and X = 1, are given by:

pn(k> = pK(’W /\n) s

13
Pen(k) = prc (ki As + An) - (13)

For the soft decision case, the output of the SPAD receivw
Y, is equal to the number of counts registered during t'ﬂ)‘?l
counting interval of{0, 7},); thusY can take all non-negativefu

integer values 0, 1, 2, ..ky.x. Furthermore, it follows that:

Py|x (y|0) = pu(k) ,

pY|X(y|1) = psn(k) . a

Assumingpx (x = 1) = g andpx (xz = 0) = 1—¢, the average
mutual information/ (X, Y) given in (10) is expressed as:

Fomns
o NS Pa(k)
CREDY { (1) (1) 10 | 200 »
X pen (k)
+ q psu(k)log {ﬁ(k)} } )
wherepy (k) is given using (11) as:
pY(k) = (1 - (1) pn(k> +q psn(k) . (16)

With (15) and (16),/(X;Y’) can be calculated for any given(

value of ¢, and thus the channel capacify can be found
using (12). For the SPAD receiver considered here, the @lan
capacity is a function of source statistics, SPAD dead tane,
average signal and background counts.

C. Hard Decision Capacity

In this case, the outptf may take only two values, 0 and 1,
as determined by a likelihood-ratio test. Thus, the coonl
probabilities, py | x (y|=), for the four possible combinations
of the binary input-output paiiz, y), can be calculated as:

by O10) = Pr{k < brgle =0} =S pulk). (17)
s 0 =1 prxO0), 18)
by O = Pr(k < brule = 1} = 3 puh), (19)
pox ) =1 pycOD). (20)

1

I(X;Y)=Y"

y=0

])Y\x(ym)

py (y) ]
PY\X(Z/H)]
Py (y) '
te that,py | x (y|2) in (22) is a function ofa priori proba-

ity ¢, since it depends ohry, andkry given in (21) is a
nction of q.

{(1 —q) py|x (¥/0) log[

(22)

+ qux(y\l)log{

0

IV. NUMERICAL RESULTS

Figs. 2—4 present performance results for the average utue
information,Z(X;Y), of the SPAD receiver as a function af
priori probability, ¢, for both soft decision and hard decision
categories, based on (15) and (22) from Section Ill. Thedsoli
curves refer to the SPAD receiver with soft decision output,
and the dashed curves represent the SPAD receiver with har
decision output. In Fig. 2 the effect of average signal count
K, is studied forKs = 5, 15, 30, with an average background
count of K, = 10 and a dead time ratio 6f= 0.05. In Fig. 3
the effect of average background coudf,,, is studied for
K, = 5, 10, assumingk; = 20 andd = 0.05. In Fig. 4
the effect of the dead time ratio is studied fdr= 0, 0.05,
0.1, assuming¥; = 20 andK,, = 10. These results indicate
that, the average mutual information decreases with dsicrga
signal mean (see Fig. 2), increasing background counts mea
see Fig. 3), and increasing dead time (see Fig. 4). It is
observed that the peak value of each curve which represent
the channel capacity, occurs at or ngar 0.5 in most cases.

" An obvious distinction between the two types of SPAD
receivers is that the hard decision SPAD exhibits disconti-
nuities in the /(X;Y) curves. This is because of discrete
nature of the decision thresholgy which jumps from one
integer to the next at certain values pfFurthermore, SPAD
receivers with soft outputs result in higher average mutual
information compared with the receivers with hard outputs.
Thus, the hard decision SPAD gives a lower capacity than
the SPAD receiver with soft outputs in all cases. This is
because the slot counts provide additional informatiorhe t
decoder in the soft decision case. Since both input and butpu
take the values 0 and 1, a hard output SPAD receiver may
be considered as an asymmetric binary channel with varying
error transition probability, i.epy|x(1]0) and py|x(0[1).
Therefore, the channel capacity would not exceed 1.

Figs. 5-7 provide performance results for soft and hard
decision capacities of the SPAD receiver, based on (15) anc
(22) from Section Ill. In Fig. 5, it is shown how the capacity
is affected by the average signal couft,. In this figure, an

where kry denotes the optimum threshold for maximun@verage background count @, = 10 and two dead time

likelihood detection, which is given by:

K, +1n (157)
s (1+1 ) @

15

ratios of § = 0.1, 0.001 are assumed. As shown in Fig. 2,
higher average signal counts result in higher capacityeslu

for both soft decision and hard decision cases. However, the
capacity cannot exceed 1 and the minimum average signa
count required for achieving the maximum capacity depends

9
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0.9

on the dead time of the receiver. Also, it can be observed from
this figure that wherd = 0.001, for K5 > 20, the proposed
capacity metric reaches it maximum value of 1 for both hard
and soft decision cases and the limiting effect of dead time
vanishes. This happens at a higher valég = 100) when
larger dead time ratiod(= 0.1) is considered. This trend
suggests that by choosing a proper incoming photon rate ir
practice, the information capacity of the SPAD receiver can
be maximized.

The effect of SPAD background counts is shown in Fig. 6
where K, = 100 andj = 0.1, 0.001. According to this figure,
whend = 0.001, background counts with mean counts lower
than 100 have a negligible impact on the capacity. However,
as the average background count increases, the capacity
severely limited. For larger values of the dead time ratio,
the limiting effect of background counts appears in lower
values of mean background count. Again, it is seen that highe
values of dead time ratio lead to a larger gap between the
soft decision and the hard decision capacities. Furthezmor
this figure depicts that if the dead time ratio is small={
0.001), keeping the average background count lower than 11(
photons/s, will help overcome the limiting effect of deadei
on the capacity. However, for larger dead time ratio values
such asé = 0.1, the maximum capacity is achieved only if
K, < 4 for hard decision case ard, < 10 for soft decision
case.

In Fig. 7, the capacity curves are plotted as a function
of dead time ratio wherd{,, = 1 and K, = 10, 100 are
considered. As seen in this figure, dead time ratio valugetar
than 0.1 severely degrade the capacity. Hence, it is of ggeat
importance to keep dead time as small as possible.

Figs. 5-7 are presenting capacity results as a function of
three parametersk;, K,, andd. In each figure, the effect
of one parameter is studied while the two other parameters
are fixed. In order to optimize the operating conditions and
structure of a SPAD receiver to achieve maximum capacigy, th
effect of these parameters should be treated simultaneousl

V. CONCLUSIONS

In this study, the input-output information transfer rafe o
AQ SPAD receivers is investigated. The AQ SPAD receiver is
modeled as a DMC with binary inputs, and a channel capacity
metric is proposed to study the effect of SPAD dead time and
background counts on the SPAD information transfer rate for
both soft decision and hard decision categories. It is ifledt
that soft decision outputs improve the capacity compared wi
the hard decision case. The proposed channel capacitycmetri
is suitable for theoretical optimization of the device sttue
and operating conditions to maximize the achievable daéa ra
Future research will consider the effects of afterpulsing a
timing jitter on the capacity of SPAD receivers, which may
provide valuable insights into the fundamental limits oABP
receivers for optical communication systems.
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Statistical Modeling of
Single-Photon Avalanche Diode Receivers
for Optical Wireless Communications

Elham Sarbazi

Abstract—1In this paper, a comprehensive analytical approach
is presented for modeling the counting statistics of active
quenching and passive quenching single-phot avalanche
diode (SPAD) detectors. It is shown that, unlike ideal photon
counting receiver for which the detection process is described
by a Poisson arrival process, photon counts in practical SPAD
receivers do not follow a Poisson distribution and are highly
affected by the dead time caused by the quenching circuit. Using
the concepts of renewal theory, the exact expressions for the
probability distribution and moments (mean and variance) of
photocounts in the presence of dead time are derived for both
active quenching and passive quenching SPADs. The derived
probability distributions are validated through Monte Carlo
simulations and it is demonstrated that the moments match with
the existing empirical models for the moments of SPAD photo-
counts. Furthermore, an optical communication system with on—
off keying and binary pulse position modulation is considered
and the bit error performance of the system for different dead
time values and background count levels is evaluated.

Index Terms— Single photon avalanche diode (SPAD), optical
wireless communications, photon counting, dead time, active
quenching, passive quenching, on-off keying (OOK), binary pulse
position modulation (BPPM).

I. INTRODUCTION

N RECENT years, there has been a growing interest

in optical wireless communications (OWC) as a promising
complementary solution to radio frequency (RF) technolo-
gies [1]. OWC systems primarily use positive-intrinsic-
negative (PIN) diodes and avalanche photodiodes (APDs) as
optical receivers. PIN diodes have simple structure and are
relatively inexpensive. The main disadvantage of PIN diodes
is their low gain. When operating at extremely low signal
levels, their thermal noise can be more significant than the
signal. Compared to PIN diodes, APDs are more complicated
and expensive. They outperform PIN diodes with respect to
sensitivity, as their internal gain reduces the thermal noise

Manuscript received August 11, 2017; revised January 9, 2018 and
March 12, 2018; accepted March 18, 2018. Date of publication April 12,
2018; date of current version September 14, 2018. Professor H. Haas
acknowledges support by the UK Engineering and Physical Sciences Research
Council (EPSRC) under Grant EP/K008757/1. The associate editor coor-
dinating the review of this paper and approving it for publication was
H. Wymeersch. (Corresponding author: Elham Sarbazi.)

The authors are with the Li-Fi Research and Development Centre, Insti-
tute for Digital Communications, School of Engineering, The Univer-
sity of Edinburgh, Edinburgh EH9 3JL, U.K. (e-mail: e.sarbazi@ed.ac.uk;
majid.safari@ed.ac.uk; h.haas@ed.ac.uk).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TCOMM.2018.2822815

, Student Member, IEEE, Majid Safari, Member, IEEE, and Harald Haas, Fellow, IEEE

effect. However, the random multiplication process introduces
additional gain-dependent excess noise, and this limits the
maximum achievable gain of an APD. Therefore, high
gain low noise transimpedance amplifiers (TIAs) are usually
required for detection of relatively weak optical signals [2].

In photon-starving applications and long distance transmis-
sions, the optical signal can be received at levels below the
sensitivity of these conventional optical receivers and get lost
in the thermal noise. Single photon avalanche diodes (SPADs)
appear to be a more proper choice in such applications. SPADs
provide very large internal gain, thereby easily overcoming
thermal noise and enabling the detection of individual photons
without the need for TIAs. Thanks to their high single-photon
sensitivity and high gain, SPADs have enabled rapid progress
in many applications [3]-[5]. These receivers are able to
closely approach quantum-limited sensitivity in the detection
of weak optical signals and have drawn particular attention
in OWC [6]-[12].

SPADs are semiconductor devices with p-n junctions and
operate based on a simple principle: if the reverse bias voltage
of the p-n junction is raised slightly above the breakdown
threshold voltage, a very high electric field is produced, and
a single electron-hole pair, can trigger a strong avalanche,
leading to a large internal gain and a measurable current.
This current rises rapidly and continues until the avalanche
is quenched by lowering the bias voltage down to or below
breakdown threshold [13], [14]. To detect a subsequent photon,
the bias voltage must be raised again above breakdown level.
Reducing the bias voltage below the threshold and restoring
the SPAD to the operative level, is accomplished by quenching
circuit. The quenching process introduces a finite recovery
time, known as dead time, during which the device does not
respond to another incident photon [15].

There are two principal quenching modes: passive
quenching (PQ) and active quenching (AQ). In general, AQ
circuits offer shorter dead times and higher count rates
compared with PQ circuits, but are more complex, more
expensive to fabricate and larger in size [16]. The photon
counting process of PQ SPADs is similar to paralyzable
detectors where any photon arriving during dead time is not
counted, but extends the dead time period. In AQ SPADs,
similar to nonparalyzable detectors, the dead time is constant,
and any photon arriving during dead time is neither counted
nor it extends the dead time duration [16].

SPADs are still a relatively immature technology whose
performance is degraded by the unavoidable dead time.

This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/
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The dead time is a limiting factor for the achievable data rate
in OWC systems. Because of demands for higher data rates,
several studies has been recently dedicated to reducing the
effect of dead time by employing arrays of SPADs [17]-[20].
From a communication theory point of view, it is of great
importance to investigate the effect of dead time on the perfor-
mance of an SPAD-based OWC system. For this purpose,
the statistical dead time-affected photon counting behavior of
SPAD receivers needs to be precisely modeled.

A. Previous Works

In [21], the paralyzable and nonparalyzable count rate
models are introduced which are the most well-known models
for estimating the count rate of a single-photon detector. These
two models have also been adopted for SPAD detectors to
predict the approximate count rate [22]. The count rate is a
useful metric for assessing how fast the detector can detect
incoming photons. However, it does not provide a complete
description of the detected and lost photons, required for error
performance evaluation of communication systems. In [6],
a SPAD-based visible light communications (VLC) system
with OOK modulation is proposed to address the problem of
continuous downhole monitoring in the oil and gas industry.
In this article, a SPAD array is considered, and the counting
losses due to SPAD’s dead time have not been taken into
account. In [7] and [8], a SPAD-based optical orthogonal
frequency division multiplexing (OFDM) system is presented
and the nonlinear distortion due to the saturation of SPAD
receiver, as well as the bit error ratio performance of both
DC-biased optical OFDM and asymmetrically clipped optical
OFDM are investigated. Li ez al. [7], [8] have assumed Poisson
statistics for the distribution of SPAD photocounts, which is
not an accurate approximation in the presence of dead time.
In [23], the method of contour integration is used for deriving
the photon counting distribution of a single-photon detector
with paralyzable dead time. In [24], using the concepts of
Poisson point processes, the effect of a nonparalyzable dead
time is studied. In [25], a practical photon counting receiver
in optical scattering communication with finite sampling rate,
paralyzable dead time, and electrical noise is characterized
where it is shown that the dead time effect leads to sub-Poisson
distribution for the number of recorded pulses. The approxi-
mate photocount distribution derived in [25], is only applicable
if the photon rate is sufficiently low. In [26], we studied
the statistical behavior of an AQ SPAD receiver and inves-
tigated the effect of nonparalyzable dead time on the bit error
performance of an optical system. We extended our approach
in [27] and an array of AQ SPADs was characterized for
OWC applications. We also studied the information transfer
rate of an AQ SPAD in [28] where the AQ SPAD receiver
was modeled as a discrete memoryless channel, and the
information transfer rate was studied using an information
theoretic approach.

B. Our Contribution

In this study, we establish a mathematical framework
and precisely model the photon counting behavior of SPAD
receivers. We apply the concepts of renewal theory to develop
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exact expression for the probability distribution of photon
counts in the presence of a general type of dead time, and then
provide the exact probability distribution, mean and variance
of AQ and PQ SPAD photocounts. Moreover, we study the bit
error performance of a SPAD-based optical link. This study
shows that the counting process of a SPAD receiver in the
presence of dead time cannot be accurately approximated by
a Poisson distribution. To the best of our knowledge, there
exists limited, if not any analytical work to find the exact
photocount distribution of SPAD photocounts, considering the
impact of dead time. Although the main focus of this article
is on SPAD detectors, but the approach can be applied to a
variety of single-photon detectors with similar photon counting
behavior.

The rest of this paper is organized as follows. In Section II,
the concepts of renewal theory are applied for modeling the
exact dead time-modified photocount distribution of a detector
with a general type of dead time. The exact photocount
distribution of AQ and PQ SPAD receivers are then derived
in Section III using the results obtained in Section II, and
Monte Carlo methods are employed to verify the validity of
the analytical models. The system model of a SPAD-based
optical system is described in Section IV, and in Section V,
the numerical and analytical results are compared and discus-
sions on the bit error performance of the system are provided.
Finally, concluding remarks are given in Section VI.

II. DESCRIPTION OF THE THEORETICAL FRAMEWORK

In this section, first the concepts of “product density func-
tions” and “renewal processes” are introduced. These tools are
then applied for modeling the dead time-modified photocount
distribution of SPAD receivers based on a general approach
that can be applied to both AQ and PQ SPADs.

A. Product Density Functions

Consider a stochastic point process N corresponding to
events occurring at times {t;}, ¢ = 0,1,.... Let N(¢)
represent the stochastic variable denoting the number of events
in the time interval (0,¢). Then dN(¢) denotes the number of
events in the small interval (¢,¢ + dt]. A function fy(t)dt is
defined such that [29]:

f1(t)dt = E[dN(t)], (1)

where E[dN(t)] represents the average number of events
in interval (¢, t+dt]. Accordingly, the product of two stochastic
variables dN (t1) and dN (t2) is defined as [29]:

fz(tl, tz)dtldtz = E[dN(tl)dN(fQ)L (2)

which is also equal to the joint probability that an event
occurs in (t1,t; + dt1] and another event occurs in (t2,t2 +
dts]. The function fo is called a product density of
order 2. Similarly, the product density function of order k,
Se(t1,ta, ... tx), is defined as [29]:

fr(ti,ta, ... tp)dtrdty. . dty = E[dN(t1)...dN(tg)], (3)

where fi(t1, o, ..., tg)dt1dts. . .dly represents the probability
that an event occurs in the interval between t1 and ¢y + dtq,
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kG (z,t 't te ta ta . A
7(1@ ) :k!/ dt, / dl‘/kq.../ dtQ/ Jilt) fita —t1) ... filte — tg—1)dty, ()]
0z 1 Jo Jo Jo Jo

one event between to and ¢y + dts, ..., and one between iy
and ty, + dty.

Provided that ¢, to, . . ., t; are ordered (t1 < to < --- < tg)
and the general class of Poisson processes is considered,
the following equation holds between the product density of
order k and the product densities of order one [29]:

fr(tr to, .. tr) = fi(t) filte —t1) .. fi(te — the1). (4)

We shall now apply the above tools to the problem of
modeling the exact counting distribution of a SPAD receiver
impaired by dead time. The aim is to determine p(k,t),
the probability that & photons have been detected during time
interval (0, ). It is clear that what happens between ¢ and ¢+dt
is not only dependent on the fact that £ photons have been
detected in time interval (0,¢), but also upon the detection
time of last photon, due to dead time. Hence, the usual method
of expressing p(k, t+dt) in terms of p(k, t) is mathematically
involved. We first determine G(z,t), the generating function
(G.E) corresponding to p(k,t), which is given by:

G(z,t) = Zp(k,t)zk. %)
k=0

The following property holds for G(z,t) and the product

density of order k [29]:

*G(z,t)
azF

’ z=1
t t t
:/ / / Frlti,ta, . ty)dtdts. . dty.  (6)
0 0 0

Note that f; is symmetrical in t1, to, ..., tx, and (6) can be
written as (7) at the top of this page. The following equation
is then deduced from (7):

. ot
dG(Z,t) — / f] (t1)dt1 (8)
z=1 0

0z
Now, let the Laplace transform (L.T.) of the function f;(t)
with respect to the variable ¢ be Fi(s) = [~ fi(t)e *!dL.
Taking the L.T. of (8) gives:

N 1
959) = X LI DRGs)
where g(z,s) is the L.T. of the function G(z,t). Let also
define P(k, s) as the L.T. of the function p(k, t). The following
diagram summarizes how the four functions p(k,t), P(k,s),
G(z,t), and g(z, s) are connected:

% (2.

p(k.1)

G
T o

©)

)
\ 9(2,5)

k,

&

)

Since g(z, s) is the G.F. of P(k, s), according to (9), P(k, s)
can be obtained as [30]:

1 F1$ k
P(k.s):;x%

From this, it can be concluded that if fi(t) or Fi(s)
is known for the point process associated with the SPAD’s
photon counting process, P(k,s), and hence, p(k,t) can be
obtained.

(10)

B. Renewal Processes

By definition, a counting process w = {N(t) : t > 0}
with the occurrence time sequence of {¢;}, is called a renewal
process if the inter-occurrence times wy = t; — tg, wy = to —
t1, ... are independently and identically distributed random
variables. In the case of a Poisson point process, the inter-
occurrence times are independently and identically distributed
exponential random variables [29]. In this work, assuming
a Poisson arrival process for incoming photons, the photon
counts form a renewal counting process with:

plk,t) = Pr{N(t) = k}. an

For renewal processes, the usual method for obtaining
p(k,t) is through renewal integral equations in which p(k,t)
is expressed in terms of p(k — 1,t). This requires the use of
product density functions as introduced earlier. First, please
note that the equation in (4) between the product densities
of order 1 and £ implies that given an event at ¢ = 0,
the probability that an event occurs between ¢ and ¢ + dt is
determined by f1(¢)dt and is independent of what happened
before ¢ = 0.

Consider a SPAD detector with dead time 7 (whether
paralyzable or nonparalyzable or a combination of both).
For simplicity, normalized photon arrival rate is assumed
throughout the derivations. Given a photon registered at ¢t = 0,
if the next photon arrives in the time period of (0, 7) it is not
detected, but if it arrives after the dead time of the photon
occurring at ¢ = 0, it is counted. The probability that the
next photon arrives between ' and ¢’ + dt’, given that the first
photon is registered at ¢ = 0, can be expressed by the function
(—0¢(t")/0t")dt" where ¢(t) represents the probability that no
photon arrives between 0 and ¢, given that a photon arrived at
t = 0 [29]. The integral equation for this renewal process can
be written as:

nt) = [ o= 10=0)(250

where 6(k) = 1 for & = 0 and O otherwise. In the
above renewal equation, the first term in the right-hand side,
accounts for the case where the next photon arrives between
t' and t' + dt’. This photon is not detected if 0 < ¢/ < 7.
The second term represents the case where no photon arrives

9¢(t")

)dt' +8(k)b(t), (12)
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r (k+r+1)!

K1 . ktr K> . k+r+1
~ 1\ (t—kn — — (k4 1) —
p(k,t>=§j(—1>r(“’ )—“ bn —172) ef<k+r>ﬂ—2<—1>r(’*+’”)<t (bt D1 = r7a) ety
r=0

=0

(16)

during time interval (0,¢). The following equation holds for
the G.F. corresponding to p(k, t):

Gl t) = /O 2Gat— 1) (— a‘g(tf/)

)dt' + ¢(t).  (13)

Taking the L.T. of the above equation with respect to the
variable ¢ gives:

o(s)
1+ 2(s®(s) — 1)’
where ®(s), is the L.T. of the function ¢(t). Since g(z,s)

is also the G.F. of P(k,s), according to (14), P(k,s) is
given by [30]:

g(z,s) = (14)

P(k,s) = ®(s)(1 — sB(s))". (15)

Thus, if ¢(¢) (and hence, ®(s)) is known for SPAD’s photon
counting renewal process, p(k,t) can be obtained by finding
the inverse L.T. of the above equation.

C. A Solution for SPAD Receivers with Dead Time

The above results can now be applied to derive the proba-
bility distribution function p(k,t) of the number of detected
photons, k, in a time interval of (O,t) in the presence of
detector dead time. Here, a general approach is proposed
which provides the dead time-modified photocount distribution
of any photon counting detector. Note that AQ and PQ SPADs
are special cases and will be addressed later in Section III.

Suppose that detected and lost photons are followed by
two different dead times, 71 and 7o, respectively. Assuming
different dead time values for detected and lost photons,
helps to clearly reflect distinct effects of paralyzable and
nonparalyzable dead times on the total renewal process. For
such a detector, we have the following results.

Theorem 1: For a general photon counting detector with
dead times 7; and 7o, the probability distribution function,
p(k, t), of the number of detected photons, k, in a time interval
(0,¢) is given by (16) at the top of this page where K7 and Ko
are integers such that:

t—k t—k
T171<K1< n
T2 T2
t—(k+1 t—(k+1
(+)7—171<K2< (+)'r1.
T2 T2

Proof: Assume that 71 > 72. The probability ¢(¢) that
no photon is detected up to time ¢, given that a photon is
registered at ¢ = 0, is:

o(t) = [1(t) = 1(t — (11 — 72))]

+ PPt — (11 — 7)) L(t — (11 — 72)), (17)

where 1(¢) is the unit step function, and is equal to 1 if ¢ > 0,
and 0, otherwise. In the above equation, the total probability
of not detecting any photons is obtained as follows: The first
term in the right-hand side of (17) expresses the condition that
no photon is detected for ¢ < 7 — 7». If any photon arrives
during time interval of (0,71 — 72), it is clearly lost and is
followed by a dead time of length 75, and this dead time won’t
extend beyond the dead time caused by the registered photon
att =0, i.e. 4. Thus, ¢(¢) = 1 for t < 7, — 72. If any photon
arrives after 7 — 7, the dead time will be extended beyond 7.
It is then valid to assume that the detector is in paralyzable
mode, where ¢P (t— (71 —72)) represents the probability that no
photon is registered in time ¢ — (71 —72). Applying L.T. to (17)
gives:

@(S) — %(1 _ e,S(ﬂ,n)) + e*S(Tl—Tg)Qp(S)‘ (18)

In order to obtain ®P(s) and then ®(s), the product density
of the first order for the paralyzable mode is easily calculated
as:

flp(t)dt = ﬂ(t — T2)€772dt. (19)

The above expression results from arguing that a photon is
detected if it arrives after the dead time of the photon at £ = 0
is finished (¢ > 72) and it is also not preceded by any photon
arrival event in time interval (0, 7). Thus:

1
FiP(s) = e~ stz (20)
s
FyP(s) and ®P(s) are related through (9) and (14):
1 1
PP(s) == x ——— . 21
(s) e 1+ F1P(s) 21
Therefore, (18), (20) and (21) result in:
1
Fi(s) = sesTIHT2 es(Ti—T2) 17 22)

The same result is obtained for 7, < 7 following exactly
the same arguments. According to (10), for general values
of 71 and 7, the expression in (23) at the top of next page
is obtained for P(k,s). Applying the inverse L.T. then leads
to (24). Using the following equality for ¢ > 0:

1 ~atioco est tk:—l

C ds=
T -

the final expression in (16) for p(k,¢) is obtained. This
completes the proof for Theorem 1.

2mi a—ioo

|
When 71 # 0 and 72 # 0, p(k,t) is given by a finite series.
Particular cases include:
o With 7 = 0, the photocount distribution for an AQ SPAD
is obtained.
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ety = — [ F (emtm g estmom) g l(e”ﬁ*z ) (“1)}6“@
210 Jo—io LS s
1 ~atioco i 7(k+7)72( 1)7 k+r—1 cs(t—k‘rlfrrg)
= e — S
20 Joino =4 r shtrT1
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o With 7y = 7o, the photocount distribution for a PQ SPAD
is obtained.
e With ;4 = 75 = 0, the Poisson distribution for an ideal
detector is obtained.
Note that the dead time of detected and lost photons are not
the same in general, e.g. for an AQ SPAD. In the next section,
AQ and PQ SPADs are studied in detail.

III. SPAD’S COUNTING STATISTICS

In the absence of dead time, photon detection events of
a SPAD receiver are modeled as a Poisson process and
the probability of counting k photons during a time period
of (0,7y) is given by [1]:

T )k e—ATo
po(k) = %7
where the constant A is the average photon arrival rate
(in photons/s), hence, AT} is the average number of
photons arriving at the SPAD during the observation time
of T3, seconds. The photon arrival rate ) is related to the power
of the optical signal by [1]:

(25)

nQeP:
A= hv
where 7qF is the quantum efficiency of the SPAD; P, denotes
the power of the incident optical signal; A is the Planck’s
constant; and v represents the frequency of the optical signal.
In the presence of dead time, however, the photon counts no
longer follow a Poisson distribution. In this section, the results
of previous section are applied to study the counting statistics
of AQ and PQ SPAD receivers. Throughout this work, it is
assumed that the sampling rate is very high compared to dead
time, so that the counting losses arising from finite sampling
rates are negligible. It is also assumed that the SPAD uses
the rising edge of a pulse as an event to count. Therefore,
the total number of counted photons during the counting
interval of (0,73,) is obtained by recording the number of
rising edges of the pulse train and it can not exceed kmax =
|7y, /7] + 1, where |x] denotes the largest integer that is
smaller than z.

(26)

A. AQ SPAD

For AQ SPADs, after each photon detection, the detector
is inactive for a constant time 7. A photon is detected if and
only if no detection event has taken place during a time 7
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preceding it, and any photon arriving during the dead time
is neither counted nor has any influence on the dead time
duration.

Theorem 2: The photocount distribution of an AQ SPAD
with nonparalyzable dead time of 7, during the time interval
of (0,T3) is given by:

k k—1
(k) =Y (i, Merr) = Y (i, An), @n
i=0 i=0
for k < kmax. Function ¢(i,\) is defined as (i, \) =
Xe=/il, and A, = A\(T}, — k).
Proof: Assuming 72 = 0 in (16), the photocount distrib-
ution for an AQ SPAD is obtained:

0 B k(g )P
p(kqt):Z(71)7<k+: 1)%
—0

(k+r)!
0 ” kE+r /\k+7‘+1(t_(k+1)7_)k+'r+l
7;(71)< T ) (k+7r+1)!

(28

for k < kmax, and p(k,t) = 0 for k > kyax. Note that in (16)
normalized photon arrival rate (i.e. A = 1) was assumed and
in (28) this assumption is released. The expression for p(k,t)
can be further simplified to:

ks t) = we—w—(kmr)
i=0
=1 i i
_ Z At ; k7) e AR (29
Hence, pr (k) = p(k,t)|,—q, and the theorem follows. |

The above expression is in line with results previously
derived in [24] and [26]. The probability mass function (PMF)
obtained in (27) is plotted in Fig. 1 and compared with Monte
Carlo simulation results for different values of dead time ratio,
0 = 7/T,. In this figure, a time interval of 73, = 1 pus is
considered and A = 3 x 107 photons/s. Also, 6 = 0, 0.02, 0.05,
and 0.07 are assumed. Note that for a receiver without dead
time, the photocount distribution is Poisson with mean A\Tj,.
For the PMF expression in (27), some of the main properties
shall be addressed as follows:

1) The Unitary Condition: As required for any valid
distribution function, for the PMF in (27), the equality
> pr(k) = 1 holds. Furthermore, it is easily seen that
k
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Fig. 1. Probability distribution of AQ SPAD photocounts for T}, = 1 pus,
X =3 x 107 photon/s and different values of J.

lim, 0 px (k) = po(k), that is, when 7 goes to zero, the orig-
inal Poisson distribution is recovered.

2) First and Second Moments:

Proposition 3: The mean and variance of the photocount

distribution in (27) are:
Emax—2 k
pi = (kmax = 1) = > > (i A1), (B0)
k=0 i=0
Fmax—2 k
ok = (2kmax — 2k = 3)¥ (i, Ar1)
k=0 =0
Fmax—2 2
—( > Zw@mn) : 31)
k=0 =0
Proof: Please refer to Appendix B. ]

Again, as dead time goes to zero, the limiting relations
lim; 0 pte = AT} and lim, 0 0% = AT} in (30) and (31)
can be verified, where AT}, is the mean value of the ideal
Poisson distribution.

Fig. 2a presents fijc and 0% for an AQ SPAD as functions
of A\ where they are compared to an ideal Poisson counting
process. As shown, the difference between pux and rrf{
becomes more significant as A increases. Let the ratio of the
variance to mean be defined as:

ok

£ =
MK
Fig. 2b illustrates this ratio where it approaches to zero as A
goes to infinity, unlike the Poisson distribution where this ratio
is equal to one for all values of A.
3) Asymptotic Mean for Large Ty, /T Ratio: The exact mean
value in (30) can also be expressed as follows:

(32)

Emax—2
o~ (R A+ 1, Akt)
= (Fmax — 1) — _—, 33
pr = ( ) Th+1) (33)
k=0
where for a positive integer s, I'(s) = (s — 1)!

s—1
and I'(s,z) = e *(s — 1)1 > 7—' are the gamma function
i=0 -

i=!
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Fig. 2. First and second moments of AQ SPAD photocounts with 7}, = 1 us,
7 = 2 ns: (a) comparison of mean and variance with ideal Poisson distribution,
(b) the variance to mean ratio.

and incomplete gamma function, respectively [30]. Defining
v(s,z) = I'(s,z)/I'(s), the following approximation holds
for y(k + 1, \+1) when Ty, /7 goes to infinity [30]:

1, E+1> A1

k+1,) R .
¥ k+1) {07 k1< Aoy

Therefore, v(k + 1, A1) can be approximated as zero for
E < (My, — At —1)/(1 + A7), and 1, otherwise. Applying
the above approximation to (33) gives:
pVIN
1+ A7

Thus, the asymptotic count rate of an AQ SPAD, i.e. the

lim
Ty, /T—00

UK = 34)

average number of recorded photons per second, is given by:
A

N=—"— 35

1+ A1 (35)

This expression is in line with the asymptotic expressions
presented in [31] and the practical models provided in [22].
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Fig. 3.  Probability distribution of PQ SPAD photocounts for 7}, = 1 us,
X =3 x 107 photon/s and different values of &.

B. PQ SPAD

For PQ SPADs, any photon arrival is followed by dead
time, and the ones occurring during the dead time of previous
photons, extend the dead time duration.

Theorem 4: The photocount distribution of a PQ SPAD
with paralyzable dead time of 7, during the time interval
of (0,T) is given by:

Fmax—1 N g PRV
pK(k): Z (_1)i—k <;> M671A77 (36)
i=k

il
for k < kmax and pg (k) = 0 for k > kyax.
Proof: Assuming 71 = 75 = 7 in (16), the photocount
distribution for a PQ SPAD is obtained which is further
simplified to:

p(k.t)
K o
:Z (=1)" <k+r> NFT (t— (ke + r)T) R T e~ (kTN (37
~ r (k+7)!
With a change of variable i = k + r:
K+k i i
; P\ At —ir)t
plkty =Y (—1)l*k<k> %eﬂ“. (38)

i=k
where K is an integer such that:

E7(,’¢+1)<K<£71€
T T
With pr (k) = p(k,t)|,_r, . and therefore K +k = kmax — 1,
the expression in (36) is obtained. Hence, the theorem follows.
| |
The PMF obtained in (36) is plotted in Fig. 3 and compared
with the Monte Carlo simulation results for different values
of § = 7/Tp. In Fig. 3, a time interval of T, = 1 ps is
considered and A = 3 x 107 photons/s. Also, § = 0, 0.02, 0.05,
and 0.07 are assumed. Note that for a receiver without dead
time, the photocount distribution is Poisson with mean ATj,.
For the PMF expression in (36), some of the main properties
are addressed as follows:
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Fig. 4. First and second moments of PQ SPAD photocounts with 7}, = 1 pus,
7 = 2 ns: (a) comparison of mean and variance with ideal Poisson distribution,
(b) the variance to mean ratio.

1) The Unitary Condition: It can easily be verified that the
unitary condition ZZOZO pi (k) = 1 holds for the PMF in (36)
and lim,_,opx (k) = po(k), that is, when 7 goes to zero,
the PMF in (36) approaches the ideal Poisson distribution.

2) First and Second Moments:

Proposition 5: The mean and variance of the photocount
distribution in (36) are derived as:

pr = Ae (T, — 1), (39
Ohe =N eV (37% =2 Tyr) + Ae M (Th, — 7). (40)

Proof: Please refer to Appendix C. u
Similar to AQ SPAD, the limiting relations lim,_,o g =
ATy, and lim, g af< = AT}, in (39) and (40) can be confirmed,
where AT}, is the mean value of the ideal Poisson distribution
(see Appendix C). Fig. 4a presents yix and 0% for a PQ SPAD
as functions of A\. The mean and variance are also compared
to an ideal counting process where it is observed that unlike
a Poisson process, px and 0% can differ greatly. Fig. 4b
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illustrates the ratio, £, as defined in (32) where the minimum
occurs at A7 = 1 and the ratio approaches 1 when A7 goes to
infinity.

3) Asymptotic Mean for Large Ti,/T Ratio: For the case
when the ratio T},/7 is large, yet the dead time cannot be
ignored, the following asymptotic expression for mean value
is obtained:

lim  pr = /\Tbe’”.

Ty, /T—00

(4D

Therefore, the asymptotic count rate of a PQ SPAD, i.e. the
average number of recorded photons per second, is given by:

N =M. (42)

This expression is in line with the asymptotic expressions
presented in [31] and the practical models provided in [22].

IV. SPAD-BASED OPTICAL COMMUNICATION SYSTEMS

SPADs have been used as photon counting receivers
in OWC systems [7], [17], [19], [20]. Free space optics (FSO),
VLC, wireless IR, deep space communications are all exam-
ples of such OWC applications. In this section the effect of
dead time on the bit error performance of a SPAD-based
optical system with on-off keying (OOK) and binary pulse
position modulation (BPPM) is studied. The SPAD’s dead time
also limits the maximum achievable data rate of the system.
The dead time of commercially available SPAD devices varies
in the range of a few nanoseconds to tens of nanoseconds.
Using binary modulation schemes, a reliable bit error perfor-
mance with maximum data rate of a few Mbits/s can be
achieved. For example, with OOK modulation, the highest data
rate to be achieved by an AQ SPAD with dead time 7 can not
exceed 1/7, and this is due to saturation of SPAD receiver [26].
For a PQ SPAD receiver the maximum achievable data rate is
even lower than 1/7. Note that the maximum achievable data
rate depends on not only the dead time, but also the operating
conditions [28]. Throughout this paper, a data rate of 1 Mbits/s
is assumed.

In the following, the bit error performance of a SPAD-based
optical system with OOK and BPPM is derived. In these binary
modulation schemes, each bit is sent individually by transmit-
ting one of two optical pulses over a duration of 73, seconds
and the optical intensity modulated signal is transmitted by
an optical source. In this system the bit rate is expressed as
Ry, = 1/Ty bits/s. At the receiver side, direct detection is
applied where the received optical signal is photodetected by
the SPAD. The number of photons counted by the SPAD is
processed to decide which of two optical pulses was received,
and then the transmitted bit during each 7}, second bit interval
is determined. In this photon counting system, the background
counts and the SPAD’s dead time determine the achievable bit
error ratio (BER) of the system.

A. On-Off Keying
OOK is one of the most common modulation techniques

for intensity-modulation direct-detection (IM/DD) systems,
because of its easy implementation, simple receiver design,
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bandwidth efficiency and cost effectiveness. In OOK, the infor-
mation bits are transmitted through the intensity of light, where
presence of a pulse denotes bit “1” and absence of a pulse
denotes bit “0”, during each slot time.

Define the contributions to the signal and background noise
counts per bit interval by Ks = AT}, and K,, = A\, T}, respec-
tively, where As and )\, are the average photon rates from
signal and background noise. When a “0” bit is transmitted,
the average number of photons arrived at the SPAD receiver
per bit time interval is K,,, and when a “1” bit is transmitted,
the average number of received photons per bit time interval
is Ks + K. Therefore, p, (k) and pg, (k), the probability that
exactly & photons are counted by the SPAD in the counting
interval of T, seconds, when “0” or “1” are sent, respectively,
are given by:

pu(k) = pc (k5 Ay Ty, 7),
psn(k) = pK(k:, As + )\na Ty, T)~

OOK demodulation is accomplished by a classical binary
detection process: Let hypothesis “H,” represent the case
when a “0” is sent and “H;” represent the hypothesis that
a “1” is transmitted. The aim is to determine the optimum
rule for deciding which hypothesis is true based on a single
observation. This simple binary hypothesis-testing problem is
often formulated using the Bayes criterion, where the decision
should be made according to the well-known likelihood-
ratio test to minimize the probability of error. In this test,
the likelihood ratio is defined as:

(43)

'sn k) H
(k) = P (k) 2

p"(k) Ho
where it is assumed that Hy and H; are equally probable.
With this maximum likelihood detection rule, the probability
of error is expressed as:

=1 Y m®+y; Y

{k:L(k)>1} {k:L(k)<1}

44

pSH (k)' (45)
For an ideal photon detector with Poisson statistics (without
dead time), the likelihood-ratio test in (44) simplifies to a
single threshold detection. For the SPAD receiver, however,
the complicated mathematical expressions of pg, (k) and p, (k)
(for both AQ and PQ SPADs), makes the algebraic manipula-
tion of L(k) intractable. For given values of A\s and Ay, if L(k)
is monotonic with respect to k, the test in (44) is equivalent
to a single threshold test, i.e. the maximum likelihood detec-
tion is achieved by a threshold comparison. But it is even
more challenging to check the monotonicity of L(k) using
finite differences (discrete derivatives). For an AQ SPAD with
small dead time ratio (6 < 0.1), an approximate photocount
distribution can be provided (see Appendix A) and it can be
proved that the above likelihood-ratio test leads to a single
threshold test (see Appendix D). For other cases, no such proof
can be provided. However, we conjecture that the threshold
detection is optimum in general. Our extensive numerical
investigation of the monotonicity of L(k) and and the BER
results in Section V strongly support this conjecture.
Hereinafter, the threshold detection is adopted for error
probability calculations, where the number of counted photons

169



Publications

SARBAZI et al.: STATISTICAL MODELING OF SPAD RECEIVERS FOR OWC

is compared with a threshold mr. An error will occur if
k < mT when a “1” bit is sent, or if & > mT, when a “0” bit
is sent. The probability of error for equally likely bits is then
expressed as:

mT

o () + 5> o (B):
k=0

1 Fmex
Po=3 >
k=m7p+1
This equation holds for both AQ and PQ SPADs, however,
for each case, the corresponding photocount distribution
should be considered. The error probability, F., highly
depends on my which can be selected to yield the lowest
probability of making an error. This occurs at the value of m
where dP./dmy = 0. It is in general challenging to obtain a
closed-form expression for (46), nevertheless, for the case of
an AQ SPAD, it is shown that (see Appendix E) given same
conditions (i.e. same threshold, sampling time, and radiation
intensity), the error performance of an AQ SPAD with dead
time is the same as that of a similar SPAD without dead
time, but with a quantum efficiency reduced by the factor
(1= (mt +1)7/Ty). According to (66):

(46)

P, = % <1 - iw(k, Aa(Th — (mr + 1)T))>

k=0

3 Dk O+ A (T — (mr 4+ 1)7). (47)
k=0

Solving the equation dP, /dmy = 0 for finding the optimum
threshold value leads to:

ATy — AT

AT +In (1+§—) @

mr =

B. Binary Pulse Position Modulation

The basic disadvantage of OOK signaling is that the average
photon rates A and A, must be known, to optimally set
the threshold. BPPM signaling avoids this difficulty by using
pulse-to-pulse comparison for detection. In BPPM modulation,
the optical pulse is sent in one of two adjacent time intervals,
each of length 7},/2 and then the output counts are compared
over each half-bit interval. A “1” bit is sent as a pulse
in the first half of the bit interval, and a “0” bit as a pulse
in the second half. At the receiver side, the SPAD separately
counts the number of photons over the two half-bit intervals
and then they are compared for bit decoding. Since the pulse
time is half of the bit duration, the receiver bandwidth must
be higher than for the OOK system [1].

With the same approach as used for OOK, the bit error
probability of the BPPM system is the probability that signal
slot photon count does not exceed non-signal slot photon
count. Hence:

(oo} (oo} 1 oo

Pe = Z Z psn(kl)pn(kZ) + 5 Zpbn(k)pn(k) (49)
k1=0 ko=Fky +1 k=0

where the second term in (49) accounts for the possibility of

equal counts in each half-bit interval, in which case a random

choice will be made.
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V. NUMERICAL RESULTS AND DISCUSSION

In this section, bit error performance results are presented
where analytical results are compared with Monte Carlo simu-
lation results. Throughout the calculations and simulations,
independent count statistics are assumed for each transmitted
bit and 7}, = 1 us is considered. In all figures, BER results
are plotted as a function of K for various K, values and § =
7/Th,, where K, and K, are defined as the average signal
count and background count per bit interval, respectively.
Therefore, for both OOK and BPPM, K = 0.5\,T}, and K, =
0.5A0T,.

A. AQ SPAD

The BER results for an AQ SPAD-based optical system
with OOK modulation are provided in Fig. 5. In these
figures, the error probability of OOK systems with maximum
likelihood (ML) detection and threshold (TH) detection are
compared with Monte Carlo simulation results, resulting
in perfectly matching curves. The analytical calculations are
based on the expressions given in (45) for ML detection,
and (47) and (48) for TH detection.

According to Figs. 5a and 5b, ML and TH detection show an
excellent match for all cases, confirming that for the specified
range of values in these figures, the ML detection and TH
detection are equivalent.

In Fig. 5a, moderately small values of § = 0.001 and 6 =
0.01 are assumed, while in Fig. 5b the dead time ratio
is § = 0.1 which is quite large for communication purposes.
As observed in Fig. 5b, the large value of dead time ratio
degrades the system performance as the SPAD is saturated
with lower signal and/or background noise levels. In these
cases, kmax and mp are small, and the ripples in the BER
curves are direct results of discrete threshold values. For the
quantum-limited cases, i.e. K, = 0 curves, the threshold m
is zero and no ripples are observed.

According to Fig. 5a, the performance of the AQ SPAD
receiver depends strongly on the background count statistics,
and even for K, = 0 and 1, the error probability is slightly
affected by the SPAD dead time. This becomes more signifi-
cant, when K,, increases. Also, it is apparent that for a given
K, a higher signal power is needed to maintain the system
performance in the presence of longer dead time. In other
words, to achieve a particular BER, the larger ¢ is, the higher
K, should be.

Fig. 6 provides the BER results for an AQ SPAD-based
optical system with BPPM modulation. It is observed that,
in the absence of background noise, the effect of dead time
on BER is negligible for small values of K, as in Fig. 6a.
However, when background noise is present, the performance
becomes very sensitive to the dead time such that higher
dead time values lead to higher error rates. It should also be
noted that, as seen in Fig. 6b, the error performance severely
degrades when large dead time ratio (6 = 0.1) is assumed.
In this case, the SPAD gets saturated with lower signal and/or
background noise levels. Also, for stronger background counts,
the saturation happens at lower signal levels.
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Fig. 5. OOK bit error performance of an AQ SPAD-based system: (a) 6 =

0.01, 0.001 and (b) 6 = 0.1.

Note that OOK uses pulses twice as long as BPPM, and
has higher signal and background counts. Therefore, a fair
comparison between OOK and BPPM systems can be made if
the same average signal and background power are assumed.
For the systems under consideration, average signal and back-
ground noise power are directly proportional to K, and K,
respectively. Thus, it is fair to compare the error performance
of OOK and BPPM systems as presented in Figs. 5 and 6.

As in Fig. 5a and Fig. 6a, OOK and BPPM show almost
similar performance when the background noise is present
and the dead time ratio is moderately small. For large dead
time ratio (§ 0.1 as in Fig. 5b and Fig. 6b), in the
presence of background counts, OOK system shows slightly
better BER values. For ideal quantum-limited photon-counting
OOK and BPPM (K, = 0) without dead time counting
losses, OOK has 3 dB better performance as discussed in [1].
In the presence of dead time, consistent results are achieved,
however, the effect of dead time is insignificant in the range
of interest as illustrated in Figs. 5 and 6.
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Fig. 6. BPPM bit error performance of an AQ SPAD-based system: (a) § =
0.01, 0.001 and (b) § = 0.1.

B. PQ SPAD

Fig. 7 demonstrates the error performance results of a PQ
SPAD-based system with OOK modulation. In this figure,
the error probability with ML detection, given in (45), and
the error probability with TH detection, given in (46) are
numerically evaluated and compared with simulation results.
The threshold value is also obtained numerically. It is again
observed that ML and TH detection rules result in perfectly
matching curves, confirming that these two detection schemes
are equivalent in the range of interest.

Similar to BER results for the AQ SPAD, three different
values for dead time ratio are considered here. In Fig. 7a,
6 = 0.001 and 6 = 0.01 are assumed, while in Fig. 7b
the dead time ratio is equal to 0.1. Again, large dead time
ratio (6 = 0.1) severely degrades the error performance and
results in SPAD’s saturation. According to (42), for a PQ
SPAD, the maximum count rate occurs at the point A = 1/7.
The lowest BER also occurs at this point which is clearly
seen in Fig. 7b. After this point, the counting losses due to
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Fig. 7. OOK bit error performance of a PQ SPAD-based system: (a) § = 0.01,
0.001 and (b) 6 = 0.1.

dead time drastically increase. The BER also increases until
the paralysis behaviour (see Fig. 4) results in the average
photon count of pulsed slots becoming lower than that of
non-pulsed slots. Our extensive numerical calculations show
that at this latter point, the monotonicity of the likelihood
ratio function L(k), given in (44) changes from monotonically
nondecreasing to monotonically nonincreasing. In such cases,
keeping the definition of hypotheses Hy and H; as before,
the direction of the likelihood ratio test presented in (44)
should be reversed and the error probability expressions should
be modified accordingly. This has been done for obtaining the
results of Fig. 7b.

The probability of error for a PQ SPAD-based optical
system with BPPM modulation, given in (49), is in the
form of discrete summations, and therefore can be calculated
numerically. Fig. 8 shows some plots of the BER results
for such a system. Similar to previous cases, in the absence
of background noise, the effect of dead time on BER is
almost negligible. However, an increase in the dead time value
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Fig. 8. BPPM bit error performance of a PQ SPAD-based system: (a) § =

0.01, 0.001 and (b) 6 = 0.1.

degrades the error performance. Again, it is seen that the
error performance is severely affected by large dead time ratio
(0 = 0.1) and the lowest BER occurs at the maximum count
rate, as predicted.

As seen in Figs. 5-8, the BER of the OWC system strongly
depends on the value of dead time and large dead time values
increase the BER to levels even beyond 1073, The dead time
of commercially available SPAD devices vary in the range of
a few nanoseconds to tens of nanoseconds, causing significant
losses for communication links with slot widths of the same
order. However, for data rates in the orders of a few tens
of Mbits/s and lower, the dead time ratio is small enough
(<£0.01) and assuming binary modulation schemes such as
OOK and BPPM, BER values of less than 1073 can be
achieved, as shown in Figs. 5a, 6a, 7a and 8a for AQ and
PQ cases, respectively. These results highlight the need to
develop SPAD detectors with much reduced dead time to be
able to achieve higher data rates with reliable performance and
arbitrary small bit error probability.
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approximation, and Gaussian approximation.

C. AQ SPAD vs. PQ SPAD

As stated in Section I, when using PQ SPADs any photon
arrival occurring during the dead time is not counted but is
assumed to extend the dead time period, while for AQ SPAD
devices, any photon arriving during the dead time is neither
counted nor has any influence on the dead time duration. Thus,
assuming the same dead time duration, in a bit interval of T3,
seconds, the average number of counted photons by an AQ
SPAD is generally higher than that of a PQ SPAD. This can
be observed from Figs. 1 and 3. Furthermore, this behavior
directly affects the BER performance. When the dead time
duration only is one order of magnitude lower than the bit
interval (6 = 0.1), the difference of AQ and PQ SPADs is
perceptible, as observed in Fig. 5b and Fig. 7b for OOK
modulation or in Fig. 6b and Fig. 8b for BPPM. For an
AQ SPAD, increasing the signal photon rate (or signal count)
results in the saturation of SPAD and the BER will reach a
constant value. However, in a PQ SPAD, by increasing the
signal photon rate (or signal count), the BER decreases until
the SPAD reaches its maximum count rate. At this point,
the lowest possible BER is achieved and higher signal counts
degrade the error performance.

D. Applicability of Gaussian and Poisson Approximations

The probability distribution of SPAD photocounts is
commonly approximated by a Poisson distribution where the
effect of dead time is neglected. In order to investigate the
accuracy of this approximation, in Fig. 9, the OOK error prob-
abilities of both AQ and PQ SPADs, given in (47) and (46),
respectively, are evaluated and compared with the case when
the photocount distribution is approximated by a Poisson
distribution through moment matching, i.e., the rate para-
meter of the approximated Poisson distribution is calculated
according to (35) and (42) as in [7] and [8], rather than using
an ideal Poisson model which does not take into account

10° ; ; ; : :
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-6- Poisson Approx.
1 -+-Gaussian Approx.
107 E
8107 ¢ :
~e._.
T
107 ¢ 1
10 : >
0 5 10 15 20 25 30
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(b) PQ

BER performance of (a) AQ, and (b) PQ SPAD-based systems with OOK modulation considering exact SPAD photocount distribution, Poisson

the effect of dead time. Please note that in Figs. 9a and 9b,
§ = 0.01 is assumed, and as can be seen, for both AQ and PQ
SPADs, there is a considerable difference between the exact
BER values and the Poisson approximation results, especially
for higher values of K,,.

To have a better insight, the AQ and PQ SPAD photo-
count distributions have also been approximated by Gaussian
distribution in Fig. 9, using a similar moment matching
approach. The mean and variance of the Gaussian distribution
are approximated as in (30) and (31) for AQ SPAD, and
as in (39) and (40) for PQ SPAD. Although the Gaussian
approximation shows higher accuracy compared with the
Poisson approximation, the differences are still noticeable.
Note that by increasing the dead time ratio, the accuracy of
these approximations will be more degraded. By comparing
the results of these approximations for AQ and PQ SPADs,
it is observed that the approximations show slightly higher
accuracy for AQ SPADs, and the reason is that the counting
losses due to paralyzable dead time are generally higher
than that of nonparalyzable dead time. According to these
observations, the use of Poisson or Gaussian approximations
does not provide enough accuracy for assessing the bit error
performance of OWC systems, and this highlights the impor-
tance of our statistical modeling for a precise bit error analysis
for potential optical communication applications.

VI. CONCLUSIONS AND FUTURE WORKS

In this paper, a complete analytical framework is presented
for modeling the statistical behavior of photon counting
receivers. This rigorous analysis expounds the impact of
paralyzable and nonparalyzable dead times on the counting
statistics of SPAD detectors, and provides exact expressions
for the probability distribution, mean and variance of active
and passive quenching SPAD photocounts. The proposed
expressions for mean of AQ and PQ SPAD photocounts
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precisely predict the SPAD effective count rates and are
in line with empirical count rate models and experimental data
available in literature. The proposed probability distributions
are particularly required for maximum likelihood detection
analysis and assessing the bit error performance of any SPAD-
based OWC system. In this study, the effect of dead time on
the bit error performance of an OWC system with OOK and
BPPM modulation schemes is investigated and it is found that
that the dead time-distorted count statistics result in higher bit
error rates, and a higher signal intensity is required to maintain
system performance. In the AQ SPAD-based OWC system,
assuming OOK modulation and constant average background
count of K, = 1, for a BER value of 10™*, the reduction of
dead time by one order of magnitude leads to almost 3 dB
improvement in the average signal count. The improvement is
about 3.8 dB if BPPM modulation is considered. PQ SPAD-
based OWC systems with large dead time ratios (6 = 0.1) can
not achieve BER values lower than 1073, In general, for large
dead time values, AQ SPADs outperform PQ SPADs signifi-
cantly, and for small dead time values, AQ SPADs still provide
slightly better bit error performance. It is also found that
in quantum-limited OWC systems, the effect of dead time is
negligible. Compared with Gaussian and Poisson distributions
commonly used in literature, our proposed probability distrib-
utions provide significant accuracy in performance analysis of
OWC systems. This in turn highlights the importance of our
statistical modeling for a precise bit error analysis for potential
optical communication applications. Moreover, it is concluded
that in applications involving high photon rates, such as
high data rate optical wireless communications, the SPAD
dead time causes significant data loss. Using commercially
available SPAD devices with dead time values in the range
of a few nanoseconds to tens of nanoseconds, a reliable bit
error performance with maximum data rate of a few Mbits/s
could be achieved through binary modulation schemes. Thus,
this study highlights the need to develop SPAD devices with
much reduced dead time to be able to achieve higher data rates
in the range of Gbits/s.

There is much work yet to be done in the analysis of
SPAD-based optical systems. It is of great importance to
consider modulation schemes with higher spectral efficien-
cies and less sensitive to the fluctuations in the background
and signal strengths. However, in higher order modulation
schemes, the existence of dead time does not allow arbitrarily
narrow time slots, as the SPAD’s dead time can overlap two
adjacent time slots. Therefore, for future works, the photocount
statistics should be modified accordingly.

APPENDIX A
APPROXIMATE PMF FOR AQ SPADS
WITH A > 1 OR T <L T,

The PMF in (27) can be re-written as:

k k—1
=> =2 v

i=0

lp(ly )‘k+1)

k—1
Pk, Aegr) + > (D0 Aerr) — P, M)
=0
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= d"(k‘v /\k+1)

k-1 (

ef)"] .

Define A and B as follows:

k-1

> (i Aegr)

i=0

|:1 _ (Th, — k7)7
(Ty, — (k4 1)7)?

B

A=

Two asymptotic cases can be considered:
e A > 1: The limiting relation lim; o, t®e~*
in limy 00 A = 0.
o 7 < Ty Since lims_,0 B = 0 and 9 (k, A\g41) is finite,
lims_o A = 0 is concluded.
Therefore, for the above two cases, the following approxima-
tion can be adopted:

= 0 results

pK(k) %’LZ)(’C,/\/HJ). (51)

APPENDIX B
MEAN AND VARIANCE OF THE AQ PMF

By definition, the mean value of the distribution in (27) is:

kmax—1

Z kprc (k)
Jn\x_l k—1
{Zwmw Zw(z‘,xk)}. (52)
i=0

MUK

ka

Replacing k& by k + 1 in the summation index of the second
term in the right-hand side of the previous expression gives:

Emax—1 k Emax—2 k
prc= Y Y k(i Aen)— Y Y (k4 1D)Y(E M)
k=0 i=0 k=0 i=0
Emax—1 kmax—2 k
= Z (Fmax = D0 M) = Y D 0 A1)
i k=0 =0
kmax—2 k
~ (kmax — 1) — Z Zw iy Mer1)- (53)

Fmax—1
> (i Mgay) &~ 1 s used,
=
as A,... is very small. The above expression for g in (53)
can be further simplified to:

where the approximation

Kkmax—2 o0
Z > (i Aera). (54)
k=0 i=k+1

Next, the limit of this expression for 7 — 0 or kpax — 00
is taken. Although it follows directly from lim,_,opx (k) =
po(k) that lim,_,o pux = ATy, a direct proof can also be
obtained in the following way; the right-hand side of (54) is a



Publications

4056

double series whose terms can be ordered in an infinite matrix:

0 <A?}>)1 (AThV (Tp)™
0 0 (A?) S Y >
0 0 0 ‘*T;R
oMb o ) ) ! )
0 0 0 ... LT

The rows and columns of the above matrix are indexed by
summation indices of (54), k and i, respectively. Summation
of the first m rows of this matrix gives:

m i
e Mo % {Zz X 7( 'b) +

m— 1

Sm =

= (\T)*
> (j!b)

i=m-+1

efATb %

i=0

pVISH
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r

(55)

As m goes to infinity, the summation of the second and third
terms clearly goes to zero. Furthermore, using the Taylor series
m—1

expression limy, oo 3. (AT},)"/i! = e*>, one has:
i=0

lim pg = lim S, = \Tj,. (56)
T—0 m—o0

With an approach similar to the one used for deriving fix,
the variance of the distribution in (27) can be obtained as:
kmax—2 k

3 2kmax — 2k — 3)8(i, Ak

k=0 i=0
kmax—2 k
<Z Zw(f /\k+1> EH)

and the limiting relation lim,_,q O'K = AT} is verified,
where the product AT}, is the variance of the original Poisson
distribution.

APPENDIX C
MEAN AND VARIANCE OF THE PQ PMF
According to (5) and (36), the generating function G(z,t)
and its derivatives are given by:
kmax—1
> pr(k)z
k=0
Fmax—1 P i
max DY —iAT
= X -
i= 0

G(Z7 Tb) =

(T, —i7)’,

(58)

0G(z,Ty)
—o - Z o (k)2

k\‘nax71

Z i(z—1)" 1/\

i=1

(T1j —ir)!, (59)
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9 Gz, Ty) et
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k=0
Fmax—1 MNg—iAT
= > ii-1)(z—-1)"? F (Ty, —ir)".
=2

(60)
Therefore, the mean and variance of the distribution function
in (36) are derived as:

Fmax

> kpi(k) =
k=0

9G (2, Th)

HE = 0=

U?{*fﬁpk (fkpk )

B a? G(z,Tp) N 0G(z, k)  (9G(2,Ty)
n 02> 0z 0z )
o
= A2 727372 — 2T4,7) 4+ Ae M (T, — 7). (62)
Finally, the limiting expressions lim, ,opux = NI}

and lim,_,o 0% = AT}, are verified.

APPENDIX D
THRESHOLD DETECTION FOR AQ SPADS WITH
A > 10RT KTy

With the approximate PMF given in (51), the likelihood
ratio test in (44) reduces to:

vl )
w(k )‘2+1) Ho
where A}l = Au(Th—(k + 1)7) and A%, = (As + M) (Th—

L(k) = (63)

(k +1)7). Substituting (i, \) = \'e™*/i! gives:
As + An
L(k) _ (,_)‘ (T, —(k+1)T < + ) % 1 (64)
n Hy
Finally, taking the natural logarithm from both sides gives:
H AsTh — As
k> bt (65)

< o\

0+ (1+ )
Therefore, for an AQ SPAD, the maximum likelihood detec-

tion simplifies to a threshold detection if A\, > 1 or 7 < T},.

APPENDIX E
SPECIAL PROPERTY OF AN AQ SPAD
IN THRESHOLD DETECTION

Here, the error probability of threshold detection for an AQ
SPAD is derived. Assuming my < T'/7, the probability of
counting at most my photons, is calculated as:

mr ) mT mT mr—1 mr
ZPK = ZZL/)(Z Akt1) = Z Z ¥(i, k)
k=0 i=0 k=i =0 k=it+1

(%)
= w(”LTy/\mT-%—l)
mr—1 [mrp mr—1

+ > Z¢ i Akr1) — Y (i )
=0

k'=i
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mp—1
= w("LTy)\mT+1)+ Z w(i7)\m»1~+1)
i=0
= W0 Amrt) (66)
=0

where, in (), the order of summations is changed and for (),
a change of variable k' = k — 1 is used. According to (66),
the probability of counting up to mt photons, for an AQ SPAD
receiver with dead time 7 in a bit interval of T}, seconds, is the
same as that of a SPAD receiver without dead time counting
photons at the same rate, but during a bit interval of T3, —
(mr + 1)7 seconds, or the same as that of a similar SPAD
without dead time, but with a quantum efficiency reduced by
the factor (1 — (my + 1)7/7%). This result greatly simplifies
the error probability calculations for an AQ SPAD.
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Abstract—A single photon avalanche diode (SPAD) receiver
can provide a significantly improved detection sensitivity over
conventional photodiodes. However, upon detecting a photon,
the SPAD receiver is ble to respond to sub t incident
photons for a certain period of time called dead time. When the
SPAD receiver is counting in consecutive intervals and its dead
time is relatively long compared to the counting interval, the
dead time in one interval may overlap the next intervals, causing
counting losses in those intervals. In this paper, the photocount
statistics of an active quenching SPAD receiver with a long dead
time is investigated. While detecting in consecutive time intervals,
the SPAD receiver can be modeled as a Markov chain. It is shown
that the SPAD experiences a transient period, before eventually
reaching its steady state. The duration of the transient period
increases with both the dead time and the signal photon rate. The
bit error performance of the system with an on-off keying (OOK)
modulated signal is also evaluated. Our results show that the
SPAD’s dead time significantly degrades the error performance
of high data rate links.

Index Terms—Single photon avalanche diode (SPAD), active
quenching, dead time, Markov process, blocking probability,
inter-symbol interference (ISI).

I. INTRODUCTION

Single photon avalanche diodes (SPADs) are semiconduc-
tor devices with extremely high sensitivity. This feature has
opened the door to many optical wireless communication
(OWC) applications, dealing with very low intensity levels
down to a single photon, where conventional positive-intrinsic-
negative (PIN) diodes and avalanche photodiodes (APDs) can
not provide sufficient optical sensitivity. Examples of potential
applications include, but are not limited to, deep space optical
communications [1], gas well downhole monitoring systems
[2], data transmission over plastic optical fibers [3], and
underwater communications [4], [5].

When the SPAD receiver detects a photon, it becomes
inactive, or blocked, for a certain period of time called dead
time, caused by a quenching circuit. It is only after this dead
time period that the SPAD is able to detect a subsequent
photon. Active quenching (AQ) and passive quenching (PQ)
are the two main types of quenching circuits. SPADs with
AQ circuits have a constant dead time, while in PQ SPADs
photons arriving during the dead time extend its duration [6].

Several experiments demonstrate that the performance of
SPAD receivers is degraded by their unavoidable dead time [3],
[7]-[10]. However, there is limited theoretical studies focusing
on the impact of dead time [11]-[14]. In any SPAD-based

OWC system, the counting losses arising from the dead time,
not only result in higher error probabilities, but also limit the
maximum achievable data rate [15]-[18].

In [15] and [18], we presented a thorough characterization
of single SPADs, where we derived the exact photocount
distribution of both AQ and PQ SPAD receivers in the presence
of dead time. It was assumed that the dead time is sufficiently
shorter than the counting interval, so that independent counting
statistics could be assumed for consecutive counting intervals.
Based on this assumption, the bit error performance of a
SPAD-based OWC system was investigated. However, if the
dead time is long relative to the counting period, the mathe-
matical models of [15] and [18] can not be applied. In such
cases, the dead time of the last detected photon in one interval
is extended to the next interval(s), and the counting statistics
of adjacent time slots are correlated, hence, the memoryless
property of the SPAD receiver is lost.

In this paper, we study the effect of a long dead time on
the photocount distribution of AQ SPADs. We model the AQ
SPAD with a Markov chain and obtain the transient and steady
state probabilities for unmodulated and on-off keying (OOK)
modulated input signals. The photocount distribution is then
derived which can be used for the error performance analysis
of a SPAD-based OWC system.

The rest of this paper is organized as follows. In Section II,
the photocount statistics of a SPAD detector in a single-
slot counting mode are briefly summarized. In Section III,
the SPAD’s counting behavior in a consecutive-slots counting
mode is discussed, where the photocount distribution in the
presence of a long dead time is derived based on a Markov
model for the SPAD receiver. In Section IV, some numerical
results are provided. Finally, concluding remarks are given in
Section V.

II. COUNTING STATISTICS IN A SINGLE COUNTING
INTERVAL

A. Ideal Detector

For an ideal single-photon detector, photon detection events
are modeled as a Poisson process for which the probability
of detecting k photons over a counting interval of length 7" is
given by [19], [20]:

(AT)ke=AT

A (6]

po(k) =
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where the constant A\ is the average photon arrival rate (in
photons/s). The mean and variance of the photon counts over
the time period of 7" seconds are given by:

o = 05 = AT. @
B. Short Dead Time

In an AQ SPAD with dead time 7, after each photon detec-
tion, the SPAD is blocked, and any incident photon during this
period is lost. Assuming that the SPAD is ready to operate at
the beginning of a counting interval of length 7", the maximum
number of photons to be detected is kmax = |7/7]+1, where
|x] denotes the largest integer that is smaller than z. Let the
dead time ratio be defined as 6 = 7/7'. If the dead time
duration is short relative to the counting interval, i.e. 0 < 1,
the probability of detecting k£ photons is given by [15], [18],
[21]:

N

k—1
d)(Z*)\k) - Z ’l/)(l, )\k—l)7 k < kmax
0 i=0

—

k
1- Z 1/}(73 )\kfl); k= kmax
i=0

k) k > kmax

where the function (i, \) is defined as (i, \) = Ne /il
and A\, = A(T" — k7). The mean and variance of the photo-
count distribution in (3) are [18]:

pr(k) = (©)

(=)

kmax—1 k
i = K = Y Y (i) (4a)
k=0 =0
Fmax—1 k
ok = > Y (Zhkmax — 2k — 1)1o(i, )
k=0 =0
1k 2 (4b)
—< Zw(iv/\k)> :
k=0 i=0

As dead time approaches zero, the probability mass func-
tion (PMF) in (3) approaches the ideal Poisson distribution
in (1). Also the limiting relations lim,_,opux = po and
lim,_,0 0% = o hold.

C. Long Dead Time
In the case of 6 > 1, the SPAD can detect at most

one photon (kymax = 1) in the counting interval, and the
photocounts follow a Bernoulli distribution:

() = { k=0

=1 (%)
Accordingly, other than limiting kmax, the dead time does
not appear in the px (k) expression, i.e. if the dead time is
longer than the counting interval, no matter how long it is, the
photocount distribution is not affected. For the PMF expression
in (5), the mean and variance are given by:

prg =1—eT. (6a)

02 =e (1 —e 7). (6b)

e,*AT,
—\T
1—e s

ITII. COUNTING STATISTICS IN CONSECUTIVE COUNTING
INTERVALS

Some applications may require the SPAD receiver to count
in consecutive intervals. Of particular interest are SPAD-based
OWC systems, where the counting process is performed in
consecutive time slots (e.g. bit intervals in OOK modulation).
In these systems, the existence of dead time does not allow
the use of arbitrarily narrow time slots for transmitting optical
pulses; as the SPAD’s dead time can overlap two adjacent
time slots, causing the detection statistics of neighboring time
slots to become correlated. Hence, the photocount statistics
over a given time slot also depends on the received optical
intensity over the previous time slots. This effect can be
considered as inter-symbol interference (ISI) in OWC systems
[3]. Depending on the length of the counting time interval
compared to the dead time, the following two cases are
considered:

A 7<T

In this case, the aforementioned effect is insignificant, i.e.
the counting statistics over different time slots can be assumed
as independent. The SPAD detector can then be regarded as a
memoryless system. Accordingly, the expressions for the PMF,
the mean and the variance of the SPAD’s photocounts given
in (3) and (4) can be applied for the performance analysis of
the OWC systems [15], [17], [18].

B.t>T

In this case, the aforementioned effect becomes apparent,
and the memoryless property of the SPAD’s photon counting
process is lost. Therefore, the PMF, the mean and the variance
of the SPAD’s photocounts given in (5) and (6) do not
describe the real Bernoulli process accurately. In the following,
we study this case and are especially concerned with the
modifications to the original Bernoulli photocount distribution.

Suppose that 7 = mT, where m is an integer value.
This assumption is made for simplicity and mathematical
tractability, and could be relaxed without changing the key
results. During each counting interval of length 7', the SPAD
is either free or blocked by the dead time of detected photons
in current/previous time slot(s). Let the SPAD receiver be
modeled by the Markov chain illustrated in Fig. 1.

In the state 0, the SPAD is free. It remains in this state,
with probability «, if no photon arrives. If a photon arrives,
it is detected and the SPAD proceeds to the state m (with
probability 1 —«v). Once in the state 1, the SPAD proceeds to
the state m — 1 in the next interval (with certainty), provided
that m > 1. This continues until reaching the state 1. In all
of these states apart from the state 1, no incident photon is
detectable. In the state 1, the SPAD is still partially blocked.
It may return to the state 0 with probability 5 and the process
repeats itself or it may return to the state m with probability
1 — 3, if another detection event happens.

Denote the number of incident and detected photons during
the nth counting interval by X, and K,, respectively. Let
Sy represent the state of the SPAD detector during the nth
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0T0 0 S

Fig. 1. Markov model of the SPAD receiver.

counting interval. S, takes values in S = {0,1,...,m} with
Sn = 0 indicating that the SPAD is free, S, = 1 indicating
that the SPAD is partially blocked, and S,, = ¢ > 1 indicating
that the SPAD is totally blocked in the nth interval and will
remain blocked throughout intervals n, n +1, ... , n+i—2.
Define qgn) =Pr{S,, =i}, fori=0,1,...,m. According to
the Markov model in Fig. 1, & and § are given by:

a = Pr{S, =0]S,_1 = 0}. 7
B =Pr{S, = 0[S,_1 = 1}. ®)

In the following, the state probabilities are determined for
two different cases, unmodulated and OOK-modulated X,,.

B.1. Unmodulated Signal

Suppose that X,, is an unmodulated signal, described by a
Poisson distribution with rate parameter \. In this case, X,, and
X, are independent for m # n. Also, the number of incident
photons during any time interval is independent of the SPAD’s
state, i.e. X,, and S,, are independent. Since S,,_1 = 0 results
in S,, being independent of what happened in the previous
intervals, the conditional probability « given in (7) can be
easily obtained as:

a=eT, ©

The conditional probability /5 given in (8), depends on all the
non-zero states preceding it. It can be shown that 3 in the nth
interval is given by:

Z q(()n—7ni)w(i7/\T)
B = i=1

Cmax

. i—1
STy~ > () \T))
J=!

i=1

) (10)

where cpax = L”T’lj The following equations hold for the
Markov chain of Fig. 1:

g6 =a g+ 0D g Y,

n n—1
=
qgn) _ q:(;nfl)7
atn
q7(7?l1 = QSTI),

g = (1—a)qf" Y+ (1 —pn1) " Y.

The SPAD undergoes a transient period during which the
occupancy probability of each state, qE"), changes with 7.
Since this Markov chain is aperiodic and irreducible, the SPAD
will eventually reach a steady state, and the state probabilities
will thereafter remain almost constant. Let the steady state
probabilities be defined as ¢; = lim,, qﬁ”). The ¢; satisfy:

qo = a qo+ f qi,

q1 =4q2 = " = qm, (12)
dm = (1 7(1) q0+(1 76) q1,
where (see Appendix A),
1—e T
= lim W = ——r— 13
f= lim ST (13)
Solving >~ ¢; =1 gives:
i=0
1
o= 7+
1+mA\T
P = L 1=1 m (14)
=TT I

The limit A — oo results in go — 0 and ¢;~o — 1/m. The
SPAD cycles through all of the states continuously and it never
goes to the free state (state 0).

Denote p%’) (k) the probability of detecting k photons in the
nth interval. With 7 > T, the SPAD can detect at most one
photon per counting interval, T". Therefore:

m—1
()
g, k=0
PP (k) = Pr{K, =k} = go (15)
aw, k=1

In the steady state, the photocounts follow a Bernoulli distri-
bution given by:

1+ (m—1)A\T
1+mA\T
AT

1+ mAT’

pic(k) = lim pi) (k) = e

k=1

For the above PMF expression, the mean and variance are
expressed as:

AT
S — 17
HE =79 + mAT (17a)
AT —1)A27?
o2 = M+ (m = DNTZ (17b)

(1+mAT)?

The probability that the SPAD is blocked after each detec-
tion event is termed as the blocking probability and is a useful
metric for assessing its photon counting performance [22].
For the Markov model presented in this paper, the blocking
probability is defined as:

Py =1-q". (18)
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B.2. On-Off Keying Modulated Signal

In this case, it is assumed that X, is an OOK modulated signal.
Let B,, € {0,1} where {B,,} are independent and identically
distributed with Pr{B,, = 1} = 0.5. The mean photon rate in
the nth slot is given by:

A(n) = {

where s and ), represent the signal and background noise
photon rates, respectively.

Following a similar approach, the steady state expressions
for a and /3 can be obtained:

)\m
)\s + >\n-,

B, =0

B,=1 {19

1 1
Q= -Qn + Qs

2 2
1 1
= 55*” + 5(3*“5“"”. (20)
1 1
ﬁ - aﬁn + §Bsn
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The steady state probabilities are then given by:
B
B4+m(l—a)
1—a @2
P = 50— ‘=17.,., .
1 B4+m(l—a) ! "

and the steady state Bernoulli distribution is expressed as:

B+(m-1(1-a)

k=0
(1 —
pr (k) B+ m( @) (23)
_ e k=1
B+m(l—a) '
For this case, the approximate probability of error is:
1
Pc ~ 5 + QEO(UZm - (1“) + %(55(! - Bn)‘ (24)

IV. RESULTS AND DISCUSSIONS

In this section, some numerical results on the evolution
of the state probabilities and the photon counting distribu-
tions are provided. Figs. 2—4 correspond to the case of an
unmodulated input signal. In these figures, exact numerical
results are obtained by initializing the system of Fig. 1 in
the state 0, and letting the state probabilities evolve, thus
calculating (™) and ngn) in each interval, n. For approximate
numerical results, 3(™) is replaced by its steady value given
in (13). The Monte Carlo simulation results are obtained by
generating a Poisson arrival process, counting the number of
detected photons in each interval, and then determining the
state probabilities. It is assumed that the SPAD receiver is
initially free to detect photons. This assumption is equivalent
to q(()[]) = 1 in numerical calculations.
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n

Fig. 2. Evolution of p{?)

is shorter for smaller photon rates (unmodulated signal).
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Fig. 3. Evolution of p%)(O) for a SPAD with 7 = 27" (unmodulated signal).
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As the first example, consider a system with m = 1. This
system consists of two states: 0 and 1, and p(I?')(O) = qén).
Fig. 2 illustrates the evolution of the probability of state 0
for this system. The results for three different values of A\
are provided in this figure. Note the transient period before
reaching the steady state. As can be seen, for A = 1 and
A = 2, the system reaches the steady state for n > 5. For
larger values of A, e.g. A = 5, this takes longer (n > 10).
Note that for analyzing the performance of such a system (in
terms of error probability, capacity, etc.), we can allow the
system to pass through the transient period and approximate
the system performance by its steady state performance.

Fig. 3 corresponds to a system with m = 2. The transient
period varies with m and A significantly as in Figs. 3a and 3b.
The duration of the transient period increases nonlinearly with
each of these parameters. For A = 5, the steady state is not
reached even after 50 intervals.

In Fig. 4, the SPAD’s steady state blocking probability is
plotted for three different values of m. According to this
figure, the blocking probability increases rapidly with A and
it approaches 1. In fact, for larger values of A, the SPAD
continuously remains blocked. This effect is termed as the
saturation of the SPAD receiver.

Fig. 5 illustrates the steady state bit error probability in
the presence of an OOK modulated signal as a function of
data rate, R = 1/7. In this figure, a constant dead time
(t = 10 ns) is considered. Ky = AT and K, = A\.T,
are the average signal and background noise counts per bit
interval, respectively. Recall from Section III that m = 7/T.
As R is increased, m is also increased, hence the SPAD’s dead
time overlaps more bit intervals, increasing the probability of
errors. This figure presents the trade-off between the bit error
ratio (BER) and the data rate where the SPAD’s dead time
does not allow the use of arbitrarily short bit intervals (i.e.
high data rates), as this significantly degrades the bit error
performance. Note that even for R = 100 Mbits/s (m = 1),
the BER is still high (> 1072). This highlights a fundamental
limitation of using single SPAD receivers for high data rate
communications.

V. CONCLUSIONS

In this paper, we have characterized the counting statistics
of an AQ SPAD receiver with a dead time length equal
to or longer than the counting interval. We have illustrated
that in such a case, the SPAD’s counting process is first
subject to a transient phase and then, it reaches a steady
state. We have shown that in the steady state, the SPAD’s
photocounts follow a Bernoulli distribution. The steady state
Bernoulli probability distribution allows a simple and accurate
approximation of blocking losses for scenarios with sparse
event arrival rates, and is particularly required when assessing
the bit error performance of any high data rate SPAD-based
OWC system.

This study provides valuable insights into the fundamental
limits of SPAD receivers for optical communication systems.

'}
0.8r 1
0.6 - 1
M
&
04r 1
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Fig. 4. SPAD’s steady state blocking probability (unmodulated signal).
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Fig. 5. BER curves of a SPAD-based system with OOK modulation as a
function of data rate: 7 = 10 ns, and K, = 0.01 photons/bit.

It highlights the trade-off between the photon counting perfor-
mance and the data rate, as the existence of dead time causes
significant counting losses when operating in high data rates.

APPENDIX A
CALCULATING 3 IN THE STEADY STATE

According to (10), S is given by:

Cmax

ST (i, AT)

i=1

5(71) —

Cmax

8 yn=mi) (g _ Li: (4, AT))
i=

i=1

where Chax = \_%J In the following, the steady state value
of 3 is obtained. For this, the limit of the above expression
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for n — oo is taken. (") can be rewritten as:
S g (i, AT)
i=1

Cmax

Sal " AT
1= J=t

B = (25)

Assume a threshold nyy, for which ¢(i, \T') = 0 if i > npp.
For cpax — 00, nri < cmax holds. Hence,

B =
s (n—mi) .
2 @ (i, AT)
& (n—mi) o - QL (i) o
> a4 UG+ X g > U, AT)
i=1 j=i i=ntu+1 Jj=i

(26)

The right term in the denominator is approximately zero as
q(()"fm) is finite and v (j, \T') ~ 0 for j > nrpu. Also, as n
approaches 0o, q(()"_mi) in (26) can be replaced by the steady
state value qg. Therefore,

nTH )
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Define:
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(AT)'
-5
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As it was previously assumed that nry is sufficiently large,
such that ¢(i,\T)) =~ 0 for @ > nry, A and B can be
approximated as follows:
AxeM -1
B~ AT
Therefore,
1— e*)\T
AT
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