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Lay Abstract 

Optical communication involves using light as a signal to transmit information, and it 

is currently a highly popular field of research. However, optical receivers used in this type 

of communication often require specific conditions, which can limit the overall 

performance of the communication system. To address this issue, we have developed an 

optical sensor tailored for optical communication. This sensor boasts exceptional 

sensitivity, allowing it to detect individual particles of light, thereby substantially reducing 

the demand for signal intensity in the optical communication system. 

Moreover, we have devised three operational circuits that enhance the sensor's 

responsiveness to signals under specific communication conditions. We have created a 

mathematical model to evaluate the proposed optical sensor and the designed circuits, and 

subsequently manufactured the optical sensor. Both the simulation results and the actual 

test outcomes unequivocally demonstrate that our proposed sensor has the potential to 

enhance the performance of optical communication systems. 
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Abstract 

Single-photon avalanche diodes (SPADs) capable of single photon detection are 

promising optical sensors for use as receivers in optical wireless communication (OWC) 

systems. In SPAD-based receivers, the intersymbol interference (ISI) effect caused by dead 

time is an important drawback that limits performance. In this thesis, we propose two novel 

SPAD operation receivers to reduce the ISI effect in SPAD-based OWC. To validate the 

feasibility of these two modes, we design a free-running SPAD front-end circuit with post-

layout transient simulation results. This SPAD circuit is improved by a novel mixed passive-

active quench and reset front-end circuit that achieves a very short dead time. Based on the 

traditional free-running mode, we design the clock-driven mode and time-gated mode to 

reduce the ISI effect through time-controlled operating signals.  

In this work, we develop a new simulation system to assess the ISI effect in On-Off 

Keying (OOK) modulated communication and pulse position modulated (PPM) 

communication. To accurately evaluate these three modes, we build a OWC platform to test 

our proposed SPAD receiver manufactured by TSMC 65 nm process. The Test results 

demonstrate that the clock-driven mode and time-gated mode receivers can improve the bit 

error rate (BER) performance in low data rate communication and high data rate high optical 

power communication, respectively. Moreover, compared to the free-running mode, the two 

proposed time-controlled modes achieve higher data rate communication and better noise 

tolerance ability in SPAD-based OWC. 
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Chapter 1 

Introduction 

1.1. Optical Wireless Communication 

1.1.1. Concept of Optical Wireless Communication 

Optical Wireless Communication (OWC) or Optical Communication, is a cutting-edge 

wireless communication technology that utilizes optical signals to transmit information. In 

the context of the rapid development of wireless internet, the people’s daily lives and 

productivity are closely interconnected with wireless technologies. With the rapid evolution 

of mobile terminal devices, the advancements in 5G technology, and the groundbreaking 

progress in emerging fields like artificial intelligence and big data, the demand for high-

quality wireless communication has escalated. Figure 1-1 illustrates the growth of global 

mobile data transmission over the past six years (2017-2022) on a monthly basis. In 2017, 

the world's monthly mobile data transmission volume stood at 11.51 exabytes, and by 2022, 

this number had escalated to 77.49 exabytes. Over this six-year period, the annual growth 

rate reached an impressive 46% [1]. The congestion of the radio frequency spectrum has been 

caused by these developments, which is particularly evident in indoor and space wireless 

radio transmissions [2]. To address the saturation issue faced by the radio frequency 

spectrum, various techniques have been developed, such as spectrum sharing and intelligent 

spectrum management [3], [4]. Among these techniques, Optical Wireless Communication 

(OWC) is considered to have promising prospects for alleviating the current wireless 

communication challenges. By modulating the intensity, frequency, or phase of light signals, 

OWC can carry data, offering high data transmission rates and bandwidth [5].  
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 The field of OWC has captured the interest of numerous research institutions and 

scholars worldwide. One noteworthy European initiative in OWC research is the IC1101 

OPTICWISE project under the COST Programme (European Cooperation in Science and 

Technology), which is funded by the European Science Foundation. This project facilitates 

the coordination of nationally funded research efforts on a European scale, with the goal of 

establishing a prominent interdisciplinary platform for OWC research activities. Initiated in 

November 2011, the project is set to continue until November 2015 and involves participation 

from over 20 countries [6]. In the United States, several OWC endeavors have also emerged. 

Among these is the "Smart Lighting Engineering Research Center," established in 2008 

through funding from the National Science Foundation (NSF). This center operates as a 

collaboration between Rensselaer Polytechnic Institute (as the lead institution), Boston 

University, and the University of New Mexico. Additionally, outreach partnerships have 

been formed with Howard University, Morgan State University, and Rose-Hulman Institute 

of Technology [7]. Notably, in July 2023, IEEE introduced the 802.11bb standard, which 

provides guidelines for optical networking in the 800–1000 nm band, focusing online-of-

 
Figure 1-1: Global mobile data traffic [1]. 
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sight applications [8]. As early as the 1960s, laser communication attracted considerable 

attention from scientists. In 1962, the Hughes group achieved sound transmission over 30 km 

using laser communication, in 1966, the wide-band pulse code modulation (PCM) was first 

used in laser communication [9]. By the 1990s, visible light was utilized for wireless 

communication, and it was known as "Li-Fi" [10]. 

OWC technology is being tested and applied in an increasing number of fields, as shown 

in Figures 1-2. For the optical satellite communication, over 30 years of research and 

application have made OWC mature and reliable in this field. In recent years, with the rapid 

growth of information flow demand, satellite communication technology using microwaves 

as the information carrier has gradually shown limitations in increasing communication data 

rates. In contrast, satellite optical communication technology has many advantages over 

satellite microwave communication technology, such as smaller equipment size, strong 

interference resistance, and higher confidentiality [11]. Furthermore, it offers significant 

potential for increasing communication data rates. Kaur et al. (2012) achieved a 

communication distance of 5000 km at a data rate of 10 Gbps [12]. Another study (Ref. [13]) 

demonstrated the application of OWC in the Ground-to-satellite link, where a laser 

transmitter was implemented in low-earth orbit and geostationary orbit, enabling long-

distance transmission at the order of Gbps data rates [14]. 

 
Figure 1-2: The main applications of Optical Wireless Communication 

 

RF communication in underwater environments faces challenges due to high signal 

attenuation, multipath propagation, scattering, Doppler effects, and limited bandwidth. These 
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limitations affect data rate, transmission range, and signal quality [15]. To address these 

limitations, underwater wireless optical communication (UWOC) has emerged as a 

promising alternative for OWC in this domain. UWOC utilizes optical signals, such as laser 

light, to transmit data through the water medium [16]. Unlike traditional RF and acoustic 

communication, optical communication in water encounters lower attenuation, enabling 

higher data rates and longer communication distances. Y. Huang’s group realized 10.8 Gbps 

data rate in 10.2 m communication distance [17]. J. Wang’s group realized 100m 

communication distance with 500 Mbps data rate [18]. In 2020, a team in Fudan University 

uses SPAD as the receiver to build a UWOC system that realized 500bps data rate in 144m 

distance and 2 Mbps in 117m distance [19] 

Light Fidelity (LiFi) is an emerging wireless transmission technology that exploits the 

visible light spectrum, leveraging light sources like LEDs to facilitate data communication 

[20]. As a part of OWC research, LiFi exhibits distinctive characteristics, including 

bidirectional communication, multiuser capability, and mobility support [21]. Moreover, LiFi 

can coexist with RF-based networks without mutual interference [22]. Comparatively, LiFi 

boasts higher data rates and lower power consumption than WiFi. LiFi can simultaneously 

provide both lighting and communication, making it suitable for applications in smart cities, 

such as intelligent transportation systems and smart lighting systems, offering more solutions 

for interconnectivity within the city. Furthermore, LiFi has vast potential in high-speed 

mobile communication fields, such as high-speed trains and autonomous driving scenarios. 

LiFi can overcome the limitations of traditional wireless communication affected by 

multipath effects, achieving higher data transmission efficiency and lower latency, thus 

enabling more reliable communication. In recent research, LiFi systems utilizing LEDs and 

LDs achieved a remarkable data rate of 488 Gbps [23], while a SPAD-based LiFi system, 

integrating a SPAD array within a 130 nm complementary metal-oxide-semiconductor 

(CMOS) image sensor technology, achieved 480 Mbps in an ambient light intensity of 1 klx 

[24]. 

The chip-to-chip optical communication or intra-chip optical communication enables 

high-speed, low-latency, and energy-efficient data exchange between different components 
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on a single circuit board or within a multi-chip module [25]. By employing light as the 

information carrier, chip-to-chip optical communication offers advantages over traditional 

electrical interconnects, such as higher data rates, reduced electromagnetic interference, and 

lower power consumption. In chip-to-chip optical communication, data is transmitted in the 

form of optical pulses. The data signals are modulated onto the optical carrier, and the optical 

pulses are then transmitted through the waveguides to the receiving chip [26]. At the 

receiving end, the optical pulses are detected and demodulated to recover the original data. 

IBM has developed chip-to-chip optical communication technology using silicon photonics. 

In one of their demonstrations, they achieved data transfer rates of 100 Gbps between two 

chips placed in proximity on a silicon wafer [27]. Intel has also been working on integrated 

silicon photonics for chip-to-chip communication. They demonstrated a 50 Gbps optical link 

between two chips, using a silicon photonic modulator and detector [28]. 

OWC stands as a promising technology with numerous advantages in modern 

communication systems. One of its key benefits lies in the ability to achieve high-speed data 

transmission, surpassing traditional RF methods. With its use of the visible light spectrum 

and infrared signals, OWC offers a wide bandwidth, enabling greater data capacity and 

facilitating multi-user communications. Additionally, OWC ensures enhanced security, as 

light signals do not penetrate walls, providing inherent protection against eavesdropping. The 

low electromagnetic interference of OWC also reduces the likelihood of signal interference, 

making it suitable for deployment in densely populated urban areas or sensitive environments. 

Furthermore, OWC presents energy-efficient solutions, utilizing LEDs for data transmission, 

which contributes to overall energy conservation. Its dual functionality in both illumination 

and communication lends itself to smart city applications, supporting intelligent traffic 

systems and smart lighting solutions. 

OWC, while offering several advantages, also faces certain challenges and limitations. 

One significant limitation is the susceptibility to atmospheric conditions. Optical signals are 

highly susceptible to atmospheric disturbances, such as fog, rain, and other adverse weather 

conditions, which can cause signal attenuation and hinder reliable communication [29]. In 

addition, optical signals are susceptible to atmospheric absorption and scattering, leading to 
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limited transmission distance in OWC systems. Over long-distance transmission, the signal 

strength can significantly decrease. Moreover, the interference caused by ambient lighting 

sources, especially in indoor environments with varying lighting conditions, impacting the 

reliability of data transmission. OWC typically employs directional transmission, requiring 

precise alignment between the transmitting and receiving devices, which adds complexity to 

system deployment and maintenance. 

 With the development of OWC, high-speed transmission, high stability and low power 

consumption have become important research topics. In recent years, an increasing number 

of technological innovations have been applied to the field of OWC. For example, multiple 

input multiple output (MIMO) technology increases communication channels in space, 

enhancing data transmission rates and reliability. Adaptive modulation technology enables 

OWC systems to automatically adjust parameters based on channel conditions and 

environmental changes, optimizing system performance. Software Defined Optics (SDO) 

technology allows flexible configuration of optical resources, improving the flexibility and 

controllability of optical signal transmission. 

1.1.2.  Components in Optical Wireless Communication System 

 An OWC system primarily comprises a transmitter, an optical channel, and a receiver. 

These components collectively facilitate the transmission of information through optical 

signals [30]. As shown in the Figure 1-3. The transmitter encodes electrical signal onto 

optical signals for transmission. The optical channel functions as the propagation medium for 

 
Figure 1-3: The components of an optical wireless communication (OWC) system. 
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transmitting the optical signals. The receiver captures and decodes the received optical 

signals back into electrical data. 

A. Transmitter 

The light emitting diodes (LEDs) and Laser Diodes (LDs) are two semiconductor 

devices commonly utilized as the transmitters in OWC system. The two devices operated 

based on distinct principles of light emission and resulting different characteristics. LEDs 

generate light through spontaneous recombination of charge carriers within a semiconductor 

material, producing incoherent light with a broad spectrum [31]. This property makes LEDs 

suitable for applications like indicator lights, display backlighting, and short-range OWC due 

to their energy efficiency and cost-effectiveness. LDs produce coherent light through 

stimulated emission, resulting in a narrow and well-defined spectral output [32]. This 

coherence allows LDs to create intense, focused beams, making them ideal for applications 

requiring high data rates and long-range transmission, such as high-speed OWC links, fiber 

optic communication, and laser-based medical treatments. 

 As widely employed receivers in the field of OWC, LEDs and LDs exhibit distinct 

characteristics in terms of transmission speed, transmission distance, and bit error rate. When 

used as transmitters, LEDs demonstrate lower radiative efficiency and wider spectral features, 

resulting in lower transmission speeds suitable for low data rates and short-range 

communication [33]. Nevertheless, their simplicity, cost-effectiveness, and adaptability 

confer advantages in scenarios like indoor communication. Conversely, LDs, functioning as 

 LED LD 

Advantage a. High energy efficiency.  

b. longer life span. 

c. Switching light intensities 

rapidly; 

a. Lasers are monochromatic and 

Coherent.  

b. Light can travel long distances. 

c. higher data rate; 

Limitation a. Light is incoherent. 

b. Low optical power 

transmitted. 

c. Easy to cause interference; 

a. low aperture. 

b. has possible health threats; 

Table 1-1: Advantages and limitations of LED and LD 
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receivers, capitalize on their high energy density, narrow spectral features, and high 

modulation bandwidth, allowing for higher transmission speeds and longer transmission 

distances [33]. The laser properties of LDs confer directionality, making them apt for point-

to-point communication, although their sensitivity to pointing errors is a trade-off. Due to 

external factors affecting the transition process between excited and ground states, LDs may 

experience elevated bit error rates during long-distance transmissions.  

B. Communication Channel 

In OWC communication systems, communication channels refer to the transmission 

pathways of optical signals between transmitters and receivers. As depicted in Figure 1-2, 

these channels primarily include space optical channels, free-space optical channels, indoor 

optical channels, and underwater optical channels.  

Optical signals propagate differently across various channels, experiencing distinct 

influences. In the Space Optical Channel, optical signals traverse the space, susceptible to 

factors like space environment and interstellar background radiation. In the Free-Space 

Optical Channel, optical signals propagate through the atmosphere, being impacted by 

atmospheric absorption, scattering, and turbulence, thereby affecting transmission distance 

and quality. Channels employed for indoor communications are generally unaffected by 

atmospheric conditions. However, indoor channels can be influenced by reflections and 

scattering caused by objects like walls and furniture. Underwater optical transmission faces 

challenges such as water absorption and scattering, resulting in limited transmission distances 

and the need to account for water quality and environmental factors. 

C. Receiver 

The receiver in the OWC system typically consists of a high-performance photodetector 

that can detect and convert incoming optical signals into electrical pulses. Following 

detection, the received signal is subjected to further processing stages, including 

amplification, filtering, and signal conditioning, to enhance its quality and prepare it for 

subsequent demodulation and decoding [34]. The choice of receiver architecture and 

components is influenced by the specific application requirements, desired data rates, 

environmental conditions, and the characteristics of the transmitted optical signal [34]. 
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Advanced receiver designs, adaptive algorithms, and error correction techniques are 

frequently employed to mitigate impairments induced by noise, channel attenuation, and 

other sources of signal degradation, thereby enhancing the overall reliability and performance 

of the OWC system. 
 Table 1-2: Comparison of different OWC systems 

 In OWC applications, the choice of receivers holds paramount importance. The 

selection of receivers depends on the specific application scenarios. In indoor environments 

with limited optical power, Therefore, highly sensitive optical sensors, such as single photon 

avalanche diodes (SPADs), can be employed as receivers. For outdoor settings, where longer 

distances and varying atmospheric conditions are challenges, avalanche photodiodes (APDs) 

are favored as receivers, because they enhance signal detection in such scenarios.  

In general, OWC has a wide range of application scenarios, and the choice of transmitter 

and receiver may vary with changing conditions. Table 1-2 summarizes recent research, 

validating our analysis. Compared to OWC systems based on APDs and lasers, OWC 

systems based on photon counting technologies such as SPAD and LEDs often achieve 

shorter communication distances, higher error rates, and lower data rates. However, this does 

not imply a lack of advantages in such combinations. For instance, in indoor OWC scenarios, 

the combination of photon counting and LEDs presents a safer and more cost-effective choice. 

 [35] [36] [37] [36], [38] [38] [37] 

Data Rate 400Mbps 2 Mbps 200 Mbps 800 Kbps 3 Gbps 5.6Gbps 

Distance 5 m 1.2 km 2 m 333.362 m 1300 km 5000 km 

BER 2×10-3 10-6 1×10-3 1.22×10-3 10-47 10-16 

Receiver 
4-

SPAD Array 
SPAD 

128×32 SPA

D for each     

channel 

SPAD-based APD APD+LPF 

Transmitter 
RC LED 

(650nm) 
LED RGB LED 

single red L

ED (630nm) 

Continuous-

wave Laser 

(1550nm) 

Continuous-

wave Laser(

1550nm) 

Modulation NRZ NRZ-OOK DCO-OFDM —— NRZ NRZ 
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Therefore, the judicious selection of transmitters and receivers is crucial in OWC applications 

[35]. 

1.2. Photosensors for OWC Receivers 

A photosensor is a detector that can convert light signal to electrical signal [39]. As the 

receiver in OWC system, photosensor is regarded as the key component that can determine 

the whole OWC system performance. Semiconductor photosensors, especially fabricated by 

CMOS technology, are widely used optical receivers due to their high integration, high 

stability and low cost [30]. As p-n junctions under different bias voltages, photodetector (PD), 

APD and SPAD are most employed in OWC system. The light signal is converted to current 

signal or voltage signal by the read-out circuits due to the gains of these three devices are 

different [40]. 

1.2.1. Photodiode (PD) 

Photodiodes (PDs) detect light signal by converting photon energy into electrical current. 

In the past few years, PD is regarded as a promising receiver for OWC and was included in 

the IEEE standard (802.15.13) [29]. As a simple p-n junction, PD is biased reversely, and a 

very limited reverse current can be generated in the diode under dark environment [41]. The 

incident photons generate photocurrent that linearly proportional to the optical power. It is 

worth noting that one photon can be absorbed when the photon energy equal or higher than 

the width of band gap in the semiconductor material (Figure 1-4. (a)). 

When photon comes, the semiconductor materials in PD usually strongly absorb light 

energy and excite electron to transition from a lower energy level to a higher energy level, 

thus causing an electron-hole pair, as shown in Figure 1-4. (a) [42]. When excess electrons 

and holes are generated in a semiconductor, there is an increase in the conductivity of the 

material, which is the basis of photoconductor [43]. the conductivity with illumination can 

be written as: 

𝜎 = 𝑞(𝑛𝜇' + 𝑝𝜇() (1-1) 
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where 𝑛 = ∆𝑛 + 𝑛&  and 𝑝 = ∆𝑝 + 𝑝& , 𝑛&  and 𝑝(  are the concentrations of electron and 

hole in dark condition, Dn and Dp are the non-equilibrium carries concentrations, µn and µp 

are the mobilities of electron and hole, the q is the electron charge. We can consider an n-

type semiconductor (∆𝑛 = ∆𝑝) and the concentration of excess carriers is ∆𝑝 that can be 

given by ∆𝑝 = 𝐺!𝜏' , that 𝐺! is the generation rate and of excess carriers and 𝜏'  is the 

excess minority carrier lifetime. The current density of the semiconductor will be increased 

due to the increase of conductivity, leading the photocurrent is directly proportional to the 

excess carrier generation rate, that is proportional to the incident photon flux [43].  

  
(a) (b) 

Figure 1-4: (a) Simplified conventional structure; (b) Simplified high-voltage biasing network. 
 

When light of a specific wavelength illuminates the p-n junction, the built-in electric 

field resulting from the non-uniformity of the semiconductor material induces an 

electromotive force, known as the photogenerated voltage. If the p-n junction is short-

circuited, a photogenerated current will flow. Due to the built-in field in the p-n junction 

barrier region, the photogenerated carriers on both sides of the p-n junction are affected by 

the electric field and move to opposite directions. It is equivalent to adding a forward voltage 

at both ends of the p-n junction and generate forward current [44]. This phenomenon is 

defined as the photoelectric effect, as shown in Figure 1-4. (b). 

The PD is always reliable due to operate in a low bias voltage, thus causing a low noise 

level [45]. In PD receiver, the thermal noise plays the dominant role, as a comparison, APD 

receiver suffers from the effects of thermal noise and shot noise [46]. On the other hand, PD 

is cheap and easy to fabricate, which make PD is s good optical receiver [46]. However, the 

gain of PD receiver is 1, results in a low sensitivity [40]. In the domain of OWC, PDs serve 
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as a prevalent type of detector suitable for indoor optical communication scenarios [47]. 

Furthermore, the advantageous attribute of low noise levels associated with PDs has 

positioned them effectively within the ambit of OWC applications in the medical domain 

[48]. In conclusion, the PD is suitable for low-bandwidth and short distance OWC 

applications [46].  

1.2.2. Avalanche Photodiode (APD) 

When the p-n junction is in reverse bias, the reverse current flowing through the p-n 

junction is mainly composed of the electron current diffused from the p region into the 

barrier region and the hole current diffused from the n region into the barrier region [42]. 

When a p-n junction diode is biased by a high reversed voltage (close to the breakdown 

voltage), the electric field in the barrier region is very strong, any free electrons or holes in 

the barrier region will have a high kinetic energy when drifting in the strong electric field. 

When the high-energy carriers collide with lattice atoms, the electrons in the valence band 

can be excited out to the conduction band to become free electrons, leaving a hole in the 

valence band, thus creating electron-hole pairs. As shown in Figure 1-5, in the p-n junction 

barrier region, photo-introduce electron 1 collides with lattice in barrier region and 

generates an electron 2 and a hole 2. These three carriers (electrons and holes), move in 

opposite directions under the strong electric field, and will continue to collide and generate 

the third generation of electron-hole pairs. If the process continues, the carriers will increase 

in large quantities [43]. This way of multiplying carriers is called the multiplication effect 

of carriers. Due to the multiplication effect, a large number of carriers are generated. The 

 
Figure 1-5: The schematic of avalanche breakdown process in p-n junction 
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reverse current is rapidly increased, resulting in p-n junction breakdown, which is the 

avalanche breakdown [49]. 

APDs have a key advantage of superior sensitivity due to their internal gain mechanism. 

In APDs, the ionization rate is defined as the number of electron-hole pairs generated by a 

carriers per unit distance travelled [50]. The ionization rate only depends on the local 

electric field, and the impact ionization rate of electron 𝛼 and hole 𝛽 can be expressed as 

[49]: 

𝛼 = 𝑎𝑒01 23  (1-2) 

𝛽 = 𝑐𝑒0) 23  (1-3) 

The a, b, c, d, are ionization coefficients and E is the electric field. Higher electric fields 

help the carriers to gain the required energy for ionization over a smaller distance, and 

therefore increase the ionization rate. We assume that every collision between carriers and 

the lattice in the multiplication region is an ionization collision, and the number of 

collisions is equal to the number of electron-hole pairs that collide. Therefore, the average 

total number of electron-hole pairs generated by an initial pair formed at x can be given by 

[49]: 

𝑀(𝑥) = 1 + - 𝛼𝑀(𝑥)) ∙ 𝑑𝑥) +- 𝛽𝑀(𝑥)) ∙ 𝑑𝑥)
*

+

+

,
 (1-4) 

Where the w is the thickness of the multiplication layer and 0 < x < w. The output of APD 

is the current with the intensity linearly proportional to the incident optical power. 

Compared with PD, high gain in APD brings high sensitivity and extends the applications 

into low illuminant environment. The avalanche built-up time and dark current are two 

parameters that can affect the APD receiver performance and depend on the APD materials 

and structure [51]–[53]. Typical photodiode materials are Silicon (Si), Germanium (Ga), 

Gallium Indium Arsenide Phosphide (GaInAsP), Indium Gallium Arsenide (InGaAs) [49], 

and the mainly structures of APDs are reach-through APD and guard ring APD [54], [55] 

Typical applications for APDs are laser rangefinders, long-range fiber-optic 

telecommunication, and quantum sensing for control algorithms. New applications include 

positron emission tomography (PET) and particle physics [56]. In the application of OWC, 
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APDs are implemented into high-speed communication and low optical power 

communication due to the high SNR performance and the high sensitivity.  

1.2.3. Single-photon Avalanche Diode (SPAD) 

When a APD is operated into Geiger mode, the sensitivity of APD increases sharply to 

make APD has single photon detection ability [57]. Due to the reverse bias voltage of SPAD 

higher than the breakdown voltage, a high electric field across the depletion region is 

generated [58]. In such a high electric field situation, avalanche can be triggered by even a 

single carrier (photon or dark noise) [59]. As shown in Figure 1-6, in step 1, self-sustained 

avalanche breakdown in SPAD brings an infinite gain, causing extensive charges go through 

the SPAD. In step 2, A drop in the bias voltage on SPAD is leaded due to the resistor RQ is 

connected with the SPAD in series. When the bias voltage on the SPAD is lower than the 

breakdown voltage, the carriers in depletion region cannot accept enough kinetic energy to 

continue the avalanche, thus bringing a recover on the bias voltage. The dead time is defined 

as the time of carrier detection period which is highly related with the quench and reset circuit. 

The SPAD dead time remains from a few nanoseconds to hundreds of microseconds [60]. 

 
(a) 

 
 
 

 
 

 
 

(b) 
Figure 1-6: Principle of SPAD operation: (a) Avalanche breakdown process in a reverse biased p-n 

junction; (b) I-V characteristic representation of SPAD operation. 
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Other important parameters in SPAD include the dark count rate (DCR), the afterpulsing 

probability and the photon detection efficiency (PDE). These parameters effect the OWC 

system performance deeply and will be discussed in Chapter 2.  

In the past few decades, SPAD is widely used in the applications of photon-counting, 

photon-timing and imaging [59], [61] With the development of OWC, SPAD has attracted 

considerable interests as the receiver in OWC systems [62]. For examples, a SPAD-based 

receiver achieved 117 m transmission distance and 2 Mbps data rate communication in an 

underwater OWC application [19]. A 64 × 64 SPAD receiver manufactured in CMOS 

technology was used in an OWC system for 500 Mb/s data rate transmission with only -46.1 

dBm received optical power [63]. The maximum 3.45 Gbit/s data rate with on-off keying 

(OOK) and 5 Gbps with orthogonal frequency division multiplexing (OFDM) were 

demonstrated using commercial SPAD arrays [34], [64]. As a receiver in OWC system, 

SPAD benefits from its extremely high gain (more than 106) and very fast photon response 

speed, causing an excellent performance in low illumination communication. However, the 

low ambient light tolerance and long dead time restrict the receiver performance in high 

background illumination and high data rate communication conditions. 

1.3. My Contributions 

In this study, we devised three SPAD circuits for OWC. Based on the distinct 

characteristics of these circuits, we built three simulation models to simulate their 

performance across various optical communication conditions. Subsequently, we employed 

a standard CMOS process to fabricate SPAD receivers rooted in these three circuits. 

Additionally, an OWC testing platform was established to validate the functionality and 

real-world performance of the circuits. The main contributions of this work are the 

following: 

• A mixed passive-active quench and reset SPAD front-end circuit. We design a 

SPAD front-end circuit that accomplishes fast quenching and rapid resetting, 

achieving a minimal dead time of only 2.6 ns. Additionally, we introduce voltage-
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controlled capabilities into the circuit through Schmitt triggers to enable adjustable 

dead time. 

• Two time-controlled modes circuits. In order to optimize the performance of the 

SPAD receiver, two types of time-controlled modes were designed and 

implemented. Based on the fundamental mixed passive-active quench and reset 

SPAD front-end circuit, the signal generation circuits and front-end circuits for 

Clock-driven (CD) mode and time-gated (TG) mode were designed. 

• The SPAD Receivers. Utilizing the TSMC 65 nm process, two sets of 16-SPAD 

receivers (CD and TG) were designed and fabricated. Through circuit design, each 

receiver can be configured to operate in both free-running (FR) mode and time-

controlled mode. The chip also incorporates additional control functionalities to 

ensure chip performance and meet testing requirements. 

• Three SPAD-based OWC models. We established three sets of OWC 

communication models to analyze the performance and characteristics of FR mode, 

CD mode, and TG mode SPAD receivers. We also developed a novel simulation 

method for analyzing Intersymbol Interference (ISI), which enhances the accuracy 

of the SPAD-based OWC model. 

Publications: 

Published: 

1. J. Liu, W. Jiang and M. J. Deen, "Time-Gated Circuit for SPAD-based OWC," 2022 

IEEE Photonics Conference (IPC), Vancouver, BC, Canada, 2022, pp. 1-2, doi: 

10.1109/IPC53466.2022.9975721. 

2. J. Liu, W. Jiang, S. Kumar and M. J. Deen, "Time-Controlled SPAD Receivers in 

Optical Wireless Communication System," in IEEE Photonics Journal, doi: 

10.1109/JPHOT.2023.3309881. 

1.4. Thesis Organization 

In Chapter 1, the historical background, and applications of OWC are reviewed, and 

the impacts of transmitters, channels, and receivers on the overall performance of OWC are 
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analysed. Three types of photodetectors are introduced in the order of bias voltage 

magnitude, explaining their operating principles and respective characteristics, as well as 

their application scenarios as OWC receivers.  

In Chapter 2, several key parameters of SPAD are introduced, and the impact of each 

parameter on the performance of SPAD receivers is analyzed, as well as the interactions 

among different parameters. Furthermore, the operating principles and characteristics of 

active quench and reset (AQR) SPAD circuits and passive quench and reset (PQR) SPAD 

circuits are explained. Additionally, building upon the AQR SPAD circuit, two types of 

time-controlled SPAD circuits (clock-driven (CD) and time-gated (TG)) are introduced. 

The receiver design Is presented in Chapter 3, where the operational principles of the 

three front-end circuits are explained and simulated. The hold-off time control circuit based 

on the Schmitt trigger is introduced, and two signal generation circuits (CD and TG) are 

shown. The characteristics of these modes are analyzed through circuit simulations. In 

addition, this chapter includes the photon counter based on D-flip-flop and the data 

processing circuit based on an adder tree. The final layout of the circuit is also presented. 

In Chapter 4, the SPAD-based OWC communication model based on Geiger-mode 

photodetectors is presented. The photon count probability distribution is derived within a 

fixed time interval, and the impact of parameters in the OWC model on system performance 

is simulated. In this chapter, a novel Intersymbol Interference (ISI) simulation model is 

introduced and integrated into the OWC model, enhancing its accuracy. A receiver model 

with a 64-SPAD array is applied to the OWC model based on on-off Keying (OOK) 

modulation, and a receiver with a 16-SPAD array is applied to the OWC model based on 

pulse position modulation (PPM). The analysis of simulation results is also showcased in 

this chapter. 

Chapter 5 shows the results of receivers testing, where an OWC test platform is 

established, consisting of an LED transmitter and the proposed SPAD receiver. Some 

parameters of the SPAD are tested, and the SPAD receiver bit error rate (BER) is computed 

and analyzed for both on-off keying (OOK) and pulse position modulation (PPM) 



M.A.Sc. Thesis - J. Liu.                                     McMaster University – Electrical and Computer Engineering 

18 

modulations, by varying signal power, background power, and data rate. Chapter 6 

concludes the content of the thesis and outlines three potential directions for future research. 
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Chapter 2 

Performance Parameters for SPAD 

2.1. Key Performance Parameters 

2.1.1. Breakdown Voltage 

The breakdown voltage is a critical and fundamental parameter in SPAD, it represents 

the applied bias voltage at which the SPAD transitions from its quiescent state to the active 

avalanche breakdown state [65]. The breakdown voltage determines the sensitivity of 

SPAD, and it is essential for optimizing the performance and operating conditions of 

SPADs. When SPAD is biased beyond the breakdown voltage, the SPAD operates in the 

Geiger mode, where a single photon incident on the device can trigger a self-sustaining 

avalanche process, leading to a detectable electrical signal. During breakdown, the SPAD 

experiences a rapid increase in current due to the generation of electron-hole pairs by 

impact ionization, resulting in a highly sensitive photon detection capability. The excess 

voltage of SPAD is the difference between the applied bias voltage and the breakdown 

voltage, and when the excess is positive, the gain of the SPAD can be very high, leading to 

a strong avalanche effect. 

The structure and materials of SPADs have a significant impact on their breakdown 

voltage. Research indicates that structural parameters of SPADs, such as the doping 

concentration and geometric dimensions of the P-N junction, as well as the choice of 

materials such as Si and Ge, influence the magnitude of the breakdown voltage. For 

instance, the geometric parameters and doping concentration of the p-n junction allows for 

tailored control of the SPAD breakdown voltage to achieve customized performance [66]. 

Moreover, the selection of different materials significantly impacts the SPAD breakdown 

voltage. Ge, with its smaller energy gap, enables lower breakdown voltages and enhances 

the sensitivity of the SPAD. In summary, the structural parameters and material choices of 
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SPADs play a pivotal role in regulating and optimizing the breakdown voltage. In the 

CMOS SPAD, the breakdown voltage increases with the junction scaling up and highly 

related with the doping concentration. The temperature coefficient is another important 

factor to affect the breakdown voltage, as the phonon scattering at high temperature 

prevents the charge carriers to reach the energy threshold to avalanche [67].  

The excess voltage is highly related with the other parameters of SPAD. For example, 

the DCR and the photon detection probability (PDP) are positively correlated with the 

excess voltage, however, the DCR and the PDP have opposite effects on the performance 

of SPAD receiver [68]. In the SPAD-based OWC systems, an accurate breakdown voltage 

measurement contributes to the setting of excess voltage for optimal the performance of 

SPAD receivers.  

2.1.2. Dark Count Rate 

DCR is the rate of the avalanches triggered by non-photons. Dark counts occur because 

of the thermal excitation, where minority carriers in the bulk region may move into the 

depletion region by diffusion and trigger avalanches [69]. Due to the presence of impurities 

associated with SPAD fabrication in the CMOS process, a significant number of forbidden 

energy levels within the bandgap can trap and later release charges, thereby increasing the 

overall DCR. Processes that have a notable impact on the total DCR include trap-assisted 

thermal generation, trap-assisted tunneling generation (TAT), and band-to-band tunneling 

(BTBT) [70]. 

Non-uniformity in junction quality and doping concentration can cause variations in 

local electric fields, affecting the rates of electron-hole pair generation and recombination, 

thereby influencing DCR. The DCR are affected by the operation temperature, as the free 

carriers are thermally generated in the depletion region, thus causing the dark counts [71]. 

At elevated temperatures, the rate of electron-hole pair generation may increase, 

consequently elevating the likelihood of dark count events. The excess voltage on the 

SPAD determines the electric field across the SPAD junction. The DCR increases with the 

increase of the excess voltage due to the higher sensitivity in SPAD causes the higher 
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probability of avalanches from both noise and photons. In the OWC application, the dark 

count in SPAD reduces the system performance by decreasing the SNR [70]. Acting as the 

detected photons from the background, the dark count in the absence of optical signal will 

disturb the judgments in receiver, thus increasing the possibility of error bits.  

The afterpulsing is the secondary avalanche of the SPAD and contributes to the total 

DCR. The avalanche brings the free carriers that may be trapped by the energy traps [72]. 

The defects and impurities from the material of SPAD form the energy traps and the trapped 

carriers may be released at any time due to the lifetimes of traps are finite [73]. During the 

reset process, the avalanches that caused by the afterpulsing happens when the trapped 

carriers have not been fully released. As a parameter that is highly related with the lifetime 

of energy traps, the afterpulsing probability 𝑃𝑎𝑝(𝑡) can be expressed as [74]: 

𝑃𝑎𝑝(𝑡) =7 𝐴𝑖𝑒
−
𝑡
𝜏𝑖

𝑖

 2-1 

 where the Ai is the constant of the ith trap and the ti is the de-trap time of the ith trap and t 

is the hold-off time of SPAD that depends on the SPAD front-end circuit. As the Figure 2-

 

Figure 2-1: The simulations of the afterpulsing probability density with A1 = 0.99, t1 = 9.06 ns, A2 = 
0.22 and t2 = 71.63 ns 
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1 shown, based on a previous measurement, the A1 is 0.99, t1 is 9.06 ns, A2 is 0.22 and t2 

is 71.63 ns [75]. the total afterpulsing probability density is composed of all the traps 

releasing probabilities and decreases exponentially with the avalanche time.  

The design of the SPAD structure plays a significant role in afterpulsing. For instance, 

the presence of defects or imperfections near the avalanche region can facilitate the trapping 

and releasing of charge carriers, leading to afterpulsing [73]. In addition, the choice of 

semiconductor material used to fabricate the SPAD has an impact on afterpulsing. Materials 

with lower defect densities and efficient carrier trapping mechanisms are preferred to 

reduce afterpulsing probabilities. For example, the silicon based SPADs are commonly 

used due to their well-established fabrication processes and relatively low afterpulsing rates. 

Guard rings are often used in SPAD structures to reduce edge breakdown effects and 

enhance the overall performance [76]. Properly designed guard rings can help suppress 

afterpulsing by reducing the chances of carriers reaching the regions prone to trapping. 

The impact of afterpulsing on OWC applications is noteworthy. Afterpulsing can 

introduce timing uncertainties in the detection process, affecting the accuracy of time-of-

flight measurements commonly used in OWC systems. The afterpulsing rate can influence 

distance estimation and positioning accuracy. Additionally, afterpulsing increases the 

likelihood of false positives, which can lead to higher BER and decreased communication 

reliability, especially in low-light or high-noise environments. 

2.1.3. Dead Time 

For each avalanching event, the SPAD needs time for quenching and resetting to 

complete the full detecting cycle, which is called the dead time [77]. During the dead time, 

the SPAD cannot respond to other incident photons. The physical properties of the avalanche 

region, such as its doping concentration and electric field profile, impact the dead time of 

SPADs. Higher doping concentrations and electric fields can lead to faster charge carrier 

multiplication and shorter dead times. As a vital parameter in SPAD, the dead time is 

inversely proportional to the count rate and the dead time processes are different with the 

SPADs front-end circuits. Effective quenching and rapid resetting mechanisms reduce the 
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time required for the SPAD to recover from its avalanche state and become ready for the next 

photon detection. SPADs with active quench and reset (AQR) circuit have a dead time 

composed of the quench, the hold-off interval, and the reset process [60]. The dead time of 

AQR SPAD is fixed and the hold-off interval occupies the main part of the total dead time. 

However, the dead time in passive quench and reset (PQR) circuit is composed of a passive 

quench and passive reset process and the main part in the dead time is the reset process. The 

incident photon during the reset process could be detected and trigger a new avalanche, thus 

extending the dead time of PQR SPAD [78].  

When implement the SPAD into OWC applications, the dead time plays a vital role. For 

AQR SPAD receiver, high optical power brings more detected photons and benefits to OWC 

system, however, high optical power reduces the count rate in PQR SPAD and decreases the 

receiver performance [77]. The front-end circuit part will be induced in Section 2.2 and the 

count rate process in SPAD will be simulated in Section 4.1. In addition, as shown in the 

Equation 2-1, the afterpulsing rate is a function of the hold-off time. Therefore, in SPAD 

circuits, a very small dead time may not yield optimal performance in OWC applications. 

Only by adjusting the dead time to its optimal value can balance the photon count rate and 

afterpulsing.   

2.1.4. Photon Detection Probability  

The photon detection probability (PDP) is defined as the ratio of detected photons to the 

total incident photons and refers to the property of a SPAD that characterizes its probability 

in detecting incoming photons [79]. The incident photon may undergo losses due to 

absorption or scattering in the medium through which they propagate. These losses can 

reduce the number of photons reaching the SPAD. Several factors can influence the PDP, 

including the device structure, materials, and the operation mode in SPAD [79]. For a SPAD 

fabricated in standard CMOS technology, the incident photons may be reflected or absorbed 

by the different layers on the active area of SPAD, thus reducing the PDP of SPAD.  

Higher PDP brings better photon detection ability in SPAD. If the noise in SPAD can be 

restricted under an acceptable level, PDP can be increased by increasing the active area or 
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rising the excess voltage on SPAD [80]. The OWC Application requires a balance between 

PDP and noises, thus the bias voltage on SPAD should be careful adjusted to ensure an 

optimal performance of SPAD receiver. 

2.2. SPAD Front-end Circuits 

2.2.1. Passive Quench and Reset Circuit 

The PQR circuit is commonly used as the front-end circuit of the SPAD due to its 

simplification. As shown in the Figure 2-2 (a), a large resistor RQ is connected with the 

anode of the SPAD and determines the quench and reset processes. Once a photon is 

detected, a self-sustaining avalanche is triggered in the SPAD, causing a large current pass 

Figure 2-2: (a) The circuit schematic of passive quench and reset (PQR) SPAD circuit. (b) The SPAD 
cathode voltage variations of quench and reset processes of a PQR SPAD. (c) The SPAD cathode voltage 

variations if photons incident during the reset process of PQR SPAD. 
 

 

 
(b) 

 
(a) (c) 
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through the SPAD and RQ. A voltage drop across the SPAD due to the increased current 

leading a fast rise of the voltage on RQ. The bias voltage on the SPAD keeps reduce until it 

is lower than the breakdown voltage and quenches the avalanche. The reset process of PQR 

SPAD is rely on the RQ. The SPAD is recharged to prepare the next detection when the 

avalanche is ended, and the reset time is affected by the RC time constant of the SPAD. 

The resistor RQ must be large enough to ensure a fully quench in the SPAD, however, 

a long recharge time due to this large resistor causes a long dead time. Generally, a PQR 

SPAD has a dead time of hundreds of nanoseconds. As shown in the Figure 2-2 (c), the 

incident photons or free carriers during the reset process trigger new avalanches and extend 

the dead time. In the condition of high illuminance, the PQR SPAD suffers from a long 

dead time due to the high density of incident photons during the reset process. In the 

operation of PQR SPAD, there is no hold-off time for the trapped carriers to be released, 

thus, higher afterpulsing probability strongly restricts the performance of PQR SPAD 

receiver. As a receiver in OWC system, the PQR SPAD benefits from the simple structure 

and easy fabrication, however, the utilities of the PQR SPAD are not suitable for high 

optical power or low optical power conditions due to the long dead time and the high 

afterpulsing rate. 

2.2.2. Active Quench and Reset Circuit 

 The quench and reset processes of SPAD can be actively operated by a AQR circuit. 

As the configuration shown in the Figure 2-3 (a), when a photon is detected, an avalanche 

is triggered causes a passive quench process due to the resistor RQ. The active quench 

circuit senses the variance of SPAD cathode voltage and quench the SPAD actively. After 

the SPAD is fully quenched, a hold-off time keeps the bias voltage of SPAD lower than the 

breakdown voltage to release the trapped carriers. The active reset circuit connects the 

cathode of SPAD with the power supply (VSPAD) to charge the SPAD after the hold-off 

time.   

The quench circuit and the reset circuit achieve fast quench and reset processes in AQR 

SPAD. The cathode of SPAD connects with the power supply and the ground straightly 
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through the AQR circuits. By implementing the AQR circuit, very low dead time is 

available for the high counting rate applications. In recent years, the dead time of AQR 

SPAD is as low as a few nanoseconds [81]. As the active quench and reset process is very 

fast, the dead time of the AQR SPAD depends on the hold-off time. Short hold-off time 

may increase the afterpulsing probability and long hold-off time reduces the count rate 

ability of SPAD. Different from the PQR SPAD, the dead time is constant and the incident 

photons during the hold-off time cannot extend the dead time since the bias voltage is lower 

than the breakdown voltage during the hold-off time. In the application of OWC, the AQR 

SPAD receiver benefits from the low and fixed dead time, and low afterpulsing probability. 

Compared with PQR SPAD, the AQR SPAD receiver has better performance, and it is 

available to more communication conditions. 

2.2.3. Time-gated SPAD Circuit 

In some applications, SPAD only needs to be active during the detection window and 

keeps in inactive state during other time, the time-gated (TG) SPAD is designed for these 

 

 

(a) (b) 
Figure 2-3: (a)The circuit schematic of the active quench and reset (AQR)SPAD circuit. (b) The cathode 

voltage of the quench, hold-off and reset processes in AQR SPAD. 
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conditions [82]. The timing circuit in SPAD introduces a gating signal that determines 

when the SPAD is sensitive to incoming photons. The TG mode of SPAD operation can be 

achieved through targeted variations in the biasing voltage, wherein voltage levels are 

selectively adjusted to exceed or fall below the SPAD breakdown voltage within designated 

time intervals. As shown in Figure 2-4 (a), the added time-gated circuit controls the reset 

and quench circuits by generating the gate-on and gate-off signals. During the gate-off 

interval, the SPAD keeps in hold-off state and no photon can be detected. The gate-on 

signal actives the reset circuit for detection, the photon detection operation is as normal as 

an AQR SPAD (Figure 2-4 (b)). 

 

 

(a) (b) 
Figure 2-4: (a) The circuit schematic of time-gated (TG) SPAD circuit. (b) The variations of SPAD cathode 

voltage in TG SPAD circuit. 
 

The TG SPAD is an operation mode for reducing the DCR and afterpulsing [83]. The 

SPAD is only responsive in gate-on interval to filter the noises and concentrate the photon 

counts. The TG SPAD has been implemented into the applications in imaging and 

spectroscopy for more accurate photon detection. As a disadvantage, the photon counting 

rate of TG SPAD is lower than the free-running SPAD due to the gate-off. This feature 

makes the TG SPAD may perform worse in the applications of continues detection or 

random detection. In the OWC system, the background noise is restricted by the TG SPAD, 
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which makes the TG SPAD perform better in the high background noise communication. 

However, compared with the FR SPAD receiver, the reduced counting rate in TG SPAD 

decreases its performance. 

2.2.4. Clock-driven SPAD Circuit 

As a special time-gated SPAD, A SPAD pixel can be reset or muted periodically by a 

clock, which is called a clock-driven (CD) SPAD. Figure 2-5 (a) shows the configuration 

of the CD SPAD that the reset circuit is operated periodically by the clock driven pulse. 

The hold-off process is stopped and the SPAD is reset forcibly when the driven pulse is 

triggered (Figure 2-5 (b)). Different from the traditional AQR SPAD, the hold-off time is 

not fixed but depends on the clock in CD SPAD. In the CD SPAD circuit, the SPAD can 

be reset by both the active reset circuit and the clock-driven pulse. With the support of CD 

mode, SPAD pixels can respond to periodic photon events and keep inactive for noise 

photons. In the previous publications, the CD mode SPAD was used in image sensor and 

image scanning microscopy applications, showing higher counting efficiency and higher 

linearity [84], [85]. 

 

 

(a) (b) 
Figure 2-5: (a) The circuit schematic of clock-driven (CD) SPAD circuit. (b) The variations of the SPAD 

cathode voltage in CD SPAD circuit 
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The CD SPAD is responsive in the specific time window because of the forcible reset 

process, and this function causes the average dead time of CD SPAD is shorter than the FR 

SPAD. Higher counting rate in the CD SPAD increases the performance in low illuminant 

applications, on the other hand, CD SPAD has a potential of more afterpulsing due to the 

lower average hold-off time. By synchronizing the clock signal with the desired operation 

timing, a clock-driven SPAD can be effectively used in various applications that require 

precise timing, such as time-resolved measurements, fluorescence lifetime imaging, and 

photon correlation experiments. The clock signal allows for precise control over the 

detection window, enabling accurate measurement of photon arrival times. 

2.3. Conclusion 

In this chapter, the key performances of SPAD, that related to the SPAD-based OWC 

are introduced. Two classic SPAD front-end circuits and two time-controlled SPAD front-

end circuits are presented. In OWC applications, SPADs are anticipated to possess high 

photon detection probability, low dead time, and a minimal dark count rate. However, there 

exists trade-offs among these factors. For SPAD circuits, the excess voltage and dead time 

can be adjusted, playing a pivotal role in controlling the response performances. The excess 

voltage determines the photon detection probability (PDP) of the SPAD, however, higher 

excess voltage brings higher dark count rate. Low dead time leads high photon count rate 

but also increases the afterpulsing rate of SPAD. Therefore, it is important to identify the 

optimal values within these relationships, which are not fixed but continuously adapt to the 

variations in application scenarios. For instance, in applications with high optical intensity, 

a high excess voltage can detrimentally affect the SPAD receiver performance. This arises 

due to the decreased demand for SPAD sensitivity by the communication system in the 

presence of high optical intensity, and the resultant high dark count rate from the elevated 

excess voltage can reduce the final performance. Similarly, in low optical intensity 

applications, properly increasing the excess voltage can enhance SPAD sensitivity, 

consequently boosting performance. In high data rate applications, a high dead time can 

impede photon count rate, making a lower dead time more favourable for improved 
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performance. Conversely, in low-data-rate scenarios, the situation is reversed as the high 

afterpulsing rate due to low dead time can have a more adverse impact on system 

performance. 

The performance of the SPAD receiIer is significantly determined by the SPAD circuit. 

Essentially, the passive quench and reset (PQR) circuit only boasts the advantage of 

simplicity in its structure. Compared to other SPAD circuits mentioned in this chapter, the 

PQR circuit exhibits a longer and less predictable dead time. Particularly, the dead time of 

the PQR circuit increases with the incidence of photons, which can adversely affect SPAD 

applications, particularly those reliant on photon-counting detection like OWC applications. 

Furthermore, the extended reset time contributes to a higher afterpulsing rate, further 

compromising the performance of the SPAD receiver. Apart from the PQR circuit, the other 

three circuit configurations each come with their own merits and limitations, along with 

specific application scenarios. These will be analysed in Chapters 3 and 4. 



M.A.Sc. Thesis - J. Liu.                                     McMaster University – Electrical and Computer Engineering 

31 

Chapter 3 

Design of CMOS SPAD Receiver 

3.1. The Basic Front-end Circuit 

In this chapter, a SPAD front-end circuit is designed in a 65 nm standard CMOS 

technology, the CD mode and TG mode SPAD circuits are derived from it. These circuits 

are then used to design CD mode and TG mode receivers for low data rate OWC and high 

data rate OWC applications, respectively, utilizing two different signal generation circuits. 

Post-layout transition simulations demonstrate that implementing these two modes (CD 

mode and TG mode) can significantly reduce the block time in the SPAD receiver 

compared to the FR mode. 

3.1.1. Operation Principle 

The schematic of the basic front-end circuit is shown in Figure 3-1. and two post-layout 

simulation results under two control voltages (VCON) are shown in Figure 3-2. The SPAD 

model in the simulation comes from our previous work [60]. Initially, the cathode voltage 

of the SPAD VC is at 1 V and the anode is connected to -VHV to bias the SPAD above the 

breakdown. M4 and M5 form an inverter to keep node A at low voltage, causing M3 to be 

off. The 0.8 ns fixed delay element t, the second inverter and the controlled delay element 

are connected in series to keep node B and node C in high voltage. Node D is at 1 V due to 

the OR gate. Therefore, M2 turns on and M1 was off. In this initial condition, the SPAD is 

biased above the breakdown voltage, and it is in the photon detecting mode. 

When an incident photon is detected, self-sustaining avalanche initiates, M3 in the off-

state acts as a large resistance to generate a passive quench process and reduces the voltage 

of VC. The inverter made by M4 and M5 senses the declining VC and reverses the node A 

to a high voltage level, hence turning M3 on to start an active quench process. The bias 



M.A.Sc. Thesis - J. Liu.                                     McMaster University – Electrical and Computer Engineering 

32 

voltage will become below the breakdown voltage when VC connects to ground through 

M2 and M3, starting the hold-off process. The rising voltage of node A will be delayed by 

t and reversed by the second inverter INV2, causing a change on node B. The falling edge 

of the voltage in node B is delayed by the controlled delay element and the node C is the 

output of the delay element. At the moment when both nodes B and C turn to low voltage 

level, the OR gate will change node D to low voltage level and turn M2 off and M1 on, so 

the hold-off process will be terminated and the SPAD will be recharged back to its initial 

state through M1. The inverter made by M4 and M5 senses the high voltage of VC and then 

changes the node A to a low voltage, which results in node B turns to high voltage after the 

time t and terminates the reset process. Then, the SPAD pixel is ready to detect the next 

photon. The time t here is designed to be 0.8 ns, thus having enough time for the reset 

process and causes the hold-off process. One buffer is connected with node A to generate 

the output pulse VOUT. The controlled delay element consists of a voltage-controlled 

inverter and a Schmitt trigger, which only delays the falling edge of node B. This feature 

ensures that the hold-off time can only be delayed by the controlled delay element and has 

 
Figure 3-1: The schematic of the basic SPAD front-end circuit 
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no effect on other processes. The delay duration of the controlled delay element increases 

with the rise of VCON. 

As shown in Figure 3-2, the dead time can be observed by the VC variance, and the 

shortest achievable dead time of the basic front-end circuit is 2.6 ns when the VCON is 0 V. 

For comparison, the dead time is 10 ns when VCON is set to be 0.7 V. The quench and the 

reset times are 0.7 ns and 0.8 ns, respectively, in both VCON conditions. Hold-off time is 1.1 

ns when VCON is 0 V, and increases to 8.5 ns when VCON is set to be 0.7 V. 

For the OWC application, a short dead time leads to a high photon detection ability, 

thus increasing performance of a SPAD-based OWC receiver [77]. In contrast, a long dead 

 
Figure 3-2: The post-layout transient simulation results for the SPAD circuit 
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time will cause the ISI effect and disturb the photon counting process in an OWC system 

[86]. In this design, the shortest achievable dead time is 2.6 ns, which is much shorter than 

some of recently reported values (8-30 ns) [87]–[89]. To achieve a short dead time, we need 

to reduce the hold-off time. However, too low hold-off time may cause a higher afterpulsing 

probability [90], [91], which reduces performance of OWC systems. The controlled delay 

element in our design can be used to adjust the hold-off time to an optimal value to balance 

the noise effect and photon detection ability. 

3.1.2. Hold-off Time Control Circuit 

The hold-off time control circuit is a Schmitt trigger with a voltage-controlled inverter. 

As shown in the Figure 3-3, the PMOS connects with VCON determines the delay time of 

the inverter and the cascaded Schmitt inverter recovers the delayed signal [92]. With the 

increase of the VCON, the channel of this PMOS with the gate voltage VCON gets narrow 

gradually, thus reducing the inverter speed. The sub-graphs A and B in Figure 3-4 

 
Figure 3-3: The circuit schematic of the Schmitt trigger with voltage-controlled inverter. 
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demonstrated this process, as the input A is inverted, and the transition time of the fall edge 

of the input A is controlled by the VCON. The drain voltage of M4 (B) is charged through 

M5, thus the low to high transition time of B is delayed by the VCON, and the delay time of 

this inverter equals to the rise time of B. The inverter speed of the rise edge from A is 

determined by the M6, the high voltage from A switches on the M6 and the rise edge of I 

is invIrted immediately and not effected by the VCON. To recover the signal, a Schmitt 

inverter is cascaded. As an inverter acts like a logic gate, the Schmitt inverter has only two 

statuses of ‘1’ and ‘0’, a threshold is set by the transistors space ratios [93], and the 

equations are shown as:  

𝑉! =
𝑉-#$ +%

𝛽#%
𝛽#$

𝑉..

1 + %𝛽#%𝛽#$

 (3-1) 

𝑉" =
%𝛽&$𝛽&%

(𝑉.. − 𝑉-&$)

1 + %𝛽&$𝛽&%

 (3-2) 

 where the 𝑉*+, and 𝑉*-, are the threshold voltages of N1 and P1, the b represents the 

width and length ratio of transistor. In this design, the threshold V+ is set to around 600 mV, 

 
Figure 3-4: The post-layout simulation results of the voltage-controlled hold-off time process. 
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and as the low to high transition of B is delayed, 7 ns is needed for this transition from 0 V 

to 600 mV. The circuit that is shown in the Figure 3-3 works for the adjustable hold-off 

time, the control voltage adjusts the low to high transition time and leading a delay to trigger 

reverse from the Schmitt inverter. The Figure 3-5 demonstrated the relationship between 

the control voltage VCON and the dead time. 

3.2. The Clock-driven Mode SPAD Circuit 

3.2.1. CD Signal Generation Circuit 

SPAD pixels can be reset periodically by a clock, which is called a CD SPAD. Single 

photon counters exhibit higher counting efficiency and higher linearity in the CD operation 

mode [94], [95]. In the CD mode SPAD receiver, two reset mechanisms are designed to 

reset the SPAD by both the CD signal and the AQR circuit. Figure 3-6 shows the schematic 

of the CD signal generation circuit, the CD signal generation circuit consists of one AND 

 
Figure 3-5: The post-layout simulation results of the relationship between the control voltage VCON and 

the dead time. 
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gate, one inverter and one fixed delay element which has a same delay time with the fixed 

delay element t in the basic front-end circuit as shown in Figure 3-1. The post-layout 

transient simulation result is shown in Figure 3-7, the data signal is delayed by A and 

inverted by B, both the data signal and B connect into the NAND gate, generating the CD 

signal. The circuit input (data signal) is designed to have a same frequency of the data rate 

and can be implemented through the bit synchronization technology [96]. The CD signal 

can be described as a periodic pulse generated at the beginning (the rising edge of the data 

signal) of every bit interval as shown in Figure 3-7, the length of the CD signal pulse is 

determined by the fixed delay element 𝜏 to ensure enough reset time for the SPAD pixel.  

 
Figure 3-6: Schematic of the clock-driven (CD) signal generation circuit. 

 

 
Figure 3-7: The post-layout simulation results of the clock-driven (CD) signal generation circuit 
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3.2.2. CD SPAD Operation Circuit 

In the Figure 3-8, an added transistor MS1 connects with M1 in parallel and MS2 

connects with M2 and M3 in series. As a result, the low voltage level of the CD signal turns 

MS2 off and MS1 on, which disconnects the cathode to the ground while connecting the 

cathode to VDD. That is the CD signal can disable the hold-off process and recharge the 

SPAD back to initiate, the reset process at the beginning of every bit interval. 

 
Figure 3-8: Schematic of the front-end circuit in the clock-driven (CD) mode. 

 

The post-layout transient simulation results of the CD-mode SPAD pixel are shown in 

Figure 3-9, the solid line in the fourth sub graph (iv) is the waveform of VC under the CD 

mode, and the dotted line is the waveform of the VC in the FR mode. VCON is set to 0.7 V 

to adjust the dead time of the SPAD pixel to be 10 ns to balance the performance of DCR 

and photon counting ability. The bit interval is set to 20 ns. In CD mode, the dead time that 

caused by the detected photon or dark carrier in one bit interval will not affect the photon 

counting ability of the SPAD in the next consecutive bit interval due to the reset process at 

the beginning of every bit interval. In this mode, the photon counting process in every bit 

interval is independent, and the dead time is not fixed, but determined by the moment when 

photons arrive. In the Figure 3-9, FR mode has a fixed dead time. However, in the CD 
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mode, the dead time caused by the first detected photon is 10 ns and the next dead time in 

CD mode is only 2.1 ns. As a result, the SPAD pixels have a lower average dead time in 

the CD mode. It is worth emphasizing that the dead time in CD mode cannot be infinitely 

short. Although the hold-off time can be set to 0, the quench and reset times (approximately 

1.5 ns) need to be preserved to ensure the continuous detection capability of the SPAD. 

Compared to the FR mode, a SPAD receiver in the CD mode has a higher photon counting 

ability. For example, a SPAD under the CD mode counted 4 photons during two bits, but 

FR mode counted only 3 photons under the same photon incident condition as shown in 

Figure 3-9. Another advantage of using the CD mode is the reduction of ISI effect since no 

dead time can extend to the next bit interval. As shown in the Figure 3-9, the dead time 

caused by the incident photon in the 1st bit extends to the 2nd bit, thus leading to an ISI 

effect. In contrast, the CD mode resets the SPAD pixels at the beginning of bit interval, 

thus significantly reducing the ISI effect. This feature improves the performance of SPAD 

receiver significantly in OWC system. It is worth noting that, in a high data rate condition, 

 
Figure 3-9: Post-layout transient simulation results for the signal generation circuit, the clock-driven 

(CD) mode front-end SPAD circuit and the free-running (FR) mode front-end circuit. 
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the afterpulsing rate may increase because of the CD-mode operation resets the SPAD 

pixels at a high frequency, leading to the average hold-off time being low in the high data 

rate condition. Since a short hold-off time can strongly increase the afterpulsing rate. 

3.3. The Time-gated Mode SPAD Circuit 

3.3.1. TG Signal Generation Circuit 

The time-gated mode SPAD is designed for the high data rate communications, where 

the bit interval is shorter than the dead time. In this condition, several bit intervals may be 

blocked by one dead time, thus causing severe impact on photon counting. Figure 3-10 

shows the schematics of the TG signal generation circuit. As shown in Figure 3-10, the TG 

signal generation circuit is made of three D flip-flops, four 3-inputs OR gates, several 

 
Figure 3-10: The schematic of the time-gated (TG) generation circuit. 
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inverters and buffers. The outputs of three D flip-flops, Q1, Q2 and Q3, consist of four 

logical patterns corresponding to four signal outputs through the combination of high and 

low voltages. The TG signal generation circuit generates four TG signals and divides a full 

SPAD array into four sub-SPAD arrays. In our design, the full SPAD array is set to be 16 

SPAD pixels and every sub-SPAD array has 4 SPAD pixels. 

In this TG mode, 4 TG signals continuously operate four sub-SPAD arrays and one TG 

signal only operates one specific sub-SPAD array. Figure 3-11 (a) shows the 4 TG signals 

generated in sequence and form a cycle, the length of gate-on intervals from TG signals 

(low voltage level) is as same as the bit interval. As shown in the Figure 3-11 (b), One 

detection cycle contains four sub-SPAD arrays being enabled cyclically by four TG signals. 

 

 
(a) (b) 

Figure 3-11: (a) The Post-layout transient simulation results for the time-gated (TG) signal generation 
circuit. (b) The diagram of the TG mode operation principle/ 
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Therefore, one sub-SPAD array only detect one bit in one detection cycle and 4 bits can be 

detected in one detection cycle in total. In the optical communication system based on 

photon counting, the ability of photon detection and the time range when the photon is 

detected are very important. When the dead time covers several consecutive bit intervals, 

the information in these bit intervals will be missed.  Therefore, we propose a time-gated 

circuit to reduce the interference of dead time on signal photon detection. 

3.3.2. TG SPAD Operation Circuit 

The schematic of the TG mode front-end circuit is shown in Figure 3-12, in contrast to 

the CD mode, MS1 connects with M1 in series and MS2 connects with M2 and M3 in parallel. 

The SPAD pixels stay in hold-off during the high voltage of TG signal since MS1 turns off 

and MS2 turns on. Under this condition, the cathode of SPAD connects to ground through 

MS2. The low voltage of TG signal enables the SPAD pixels to the active detection 

condition because the MS2 is turned off and the MS1 is turned on thus recharging the cathode 

of the SPAD. As a result, the TG signal enables every sub-SPAD array to be turned on by 

the gate-on signal and turned off by the gate-off signal. 

 
Figure 3-12: Schematic of the front-end circuit in the time-gated (TG) mode. 

 

VCON

𝜏
INV2



M.A.Sc. Thesis - J. Liu.                                     McMaster University – Electrical and Computer Engineering 

43 

In the TG mode, every sub-SPAD array is independent and there is always a sub-SPAD 

array at the gate-on interval due to the cyclic enablement function. When the dead time is 

less than 4 times of the bit interval, there is no ISI effect in the TG mode because the dead 

time in one sub-SPAD array cannot cause any effect on other sub-SPAD arrays. However, 

if the dead time is above 4 times of the bit duration, the dead time in one sub-SPAD array 

may extend to the next detection cycle and cause ISI effect in this sub-SPAD array. 

 
Figure 3-13: Post-layout transient simulation results for the time-gated (TG) mode SPAD front-end 

circuit and free-running (FR) mode SPAD front-end circuit. 
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In the simulation of the TG mode front-end circuit, the dead time is set to be 10 ns and 

bit interval is set to be 5 ns for high data rate communication. Under these conditions, every 

SPAD pixel can detect at most one photon in one bit interval. The post-layout transient 

simulation is shown in Figure 3-13, where the four SPAD pixels operate as four sub-SPAD 

arrays enabled cyclically by four TG circuits. Compared with the FR mode, the TG mode 

receiver detects 4 photons over the 4-bit intervals 4 bits, and the FR mode receiver can 

detect up to 8 photons but cannot detect any photon in the second and third bits due to the 

ISI effect. In contrast, the TG mode receiver detects one photon in every bit interval with 

no ISI effect. Also, compared with the FR mode, the equivalent detection time of TG mode 

is extended since the dead time in one channel does not affect the other channels. While 

the photon counting rate may reduce in TG mode, it significantly improves the detection 

interval consistency in optical wireless communication and has a potential to performs 

better than the traditional FR mode when ISI effect is very serious. 

In some past research on SPAD-based OWC, the time-gated mode was primarily 

applied to PQR SPADs to control the extension of the dead time. In the application 

described in [84], the SPAD is forced off through gate-off, resulting in a significant 

reduction in the photon counting capability due to the prolonged dead time under high-

intensity light conditions. Our research focuses on AQR SPADs with the aim of reducing 

the ISI effect in high-speed communication environments by utilizing the gate-off operation 

to enable partitioned detection across the entire SPAD array. This approach helps to 

minimize the block time and effectively mitigate the impact of ISI on the SPAD 

performance. 

3.4. The 4×4 SPAD Receivers 

In this project, the whole SPAD receiver is designed based on these proposed SPAD 

circuits. To fulfil the role of an OWC receiver, data processing and layout design are also 

of paramount importance. This work primarily focuses on the photon counter and data 

processing circuits tailored for SPAD arrays, while also addressing the overall chip layout 

design. 
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3.4.1. Photon Counter 

As a photon count receiver for the OWC application, the output of single SPAD needs 

to be carefully processed in order to decode an accurate OWC signal. As shown in the 

Figure 3-14, a full SPAD pixel is composed of the time-controlled signal from the signal 

generator, the SPAD with front-end circuit, and the photon counter. The photon counter 

counts the output pulses from the front-end circuit and the number of the counted photons 

is represented by a 4-bit outputs. In this photon counter design, 4 D-type flip flops (DFF) 

are used and connected in series, the outputs are the O terminals of the 4 DFFs. As a DFF 

refreshes its own state under the action of rising edge of the input. When the first rising 

edge of the SPAD output comes, the first DFF is edge trigged and the O terminal turns to 

high voltage. The second SPAD output triggers the first DFF and turn the O terminal to 

low voltage, causing first QN terminal turns to high voltage and triggers the second DFF. 

The third and the fourth DFFs are operated in the same condition. The reset terminals of 4 

DFFs are connected with the CD signal (In TG mode SPAD receiver, the reset terminals of 

photon counter also connect with the CD signal) for starting a new counting period at the 

beginning of the detection interval. 

As shown in the Figure 3-15, the 4 outputs are composed to a 4-bit binary number and 

16 photons can be detected in one detection interval at most. Overall, for a SPAD pixel 

circuit, the time-controlled signal generation circuit operates the SPAD front-end circuit, 

causing an output from the SPAD circuit with the detection of each photon. Within a bit 

 
Figure 3-14: The schematic of the components in a SPAD pixel of a SPAD array. 
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interval, the outputs of SPAD circuits are recorded by the photon counter and the values 

are transmitted to the subsequent signal processing circuitry. 

 
Figure 3-15: The post-layout transient simulation results for the clock-driven (CD) SPAD circuit with 

photon counter. 
 

3.4.2. Data Processing Circuit 

The decode processes of one SPAD array receiver include that collect the outputs of 

every single SPAD pixel. In this design, the data processing circuit adds the outputs of 16 

SPAD pixels together simultaneously. The random incident characteristic of photons leads 

to a random counting process of every SPAD pixel. Thus, the data processing circuit needs 

to have the functions of processing all SPAD outputs at same time and changes immediately 

with the random incident photons. 
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The adder tree is implemented as the data processing circuit with an 8-bit output (data 

1 to data 8). The full adders are cascaded and composed to a ripple carry adder. The adder 

tree is an efficient circuit structure used for performing addition operations, composed of 

multiple cascaded ripple carry adders that handle multi-digit number addition. In each level, 

the ripple carry adder takes inputs from the previous and current levels, computes sum and 

carry values, and passes the carry to the next level. This cascading arrangement enables 

each adder to simultaneously calculate the sum of multi-digit numbers, enhancing the speed 

of addition operations. By connecting multiple adders in series, the adder tree can execute 

multi-digit additions within a single bit interval. The 64 inputs (16 ´ 4) for this adder tree 

can be processed by 4-stage adder tree and the carryout of one stage is fed directly to the 

carry-in of the next stage. In the first stage, 8 4-bit parallel adders for the all the 4-bit outputs 

from SPAD pixels. 

3.4.3. Layout 

The layout of the 4 ´ 4 SPAD receiver (CD SPAD array) is shown in the Figure 3-17, 

and the TG SPAD array is designed by replacing the CD signal circuit to TG signal circuit. 

The full chip design is shown in the Figure 3-18. Concerning about the circuit drive 

capability, 4 CD signal circuits in this layout are placed to operate 16 SPAD pixels. In this 

 
Figure 3-16: The schematic of a 4 ´ 4 COMS SPADs receiver. 
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chip, 37 pins in total are placed for the inputs, outputs and circuit control. The outputs of  

the first, the second, the ninth and the tenth SPAD pixels in CD SPAD array are connected 

 
Figure 3-17: The layout design of the 4 ´4 SPAD receiver 

 

 

 
Figure 3-18: The layout design of the full chip with 2 time-controlled receivers. 
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to the pins straightly for measuring the SPAD performances. The mute circuit is designed 

for avoiding the effect from the hot pixel. In the mute circuit, every single SPAD pixel in  

 proposed two SPAD arrays can be muted by digital input.  

3.5. Conclusions 

In this chapter, the circuit functions and chip design are demonstrated. The basic free-

running (FR) mode is designed based on a mixed passive-active quench and reset circuit, 

the FR circuit has a feature of very fast dead time and adjustable hold-off time. Based on 

this FR circuit, the clock-driven (CD) SPAD circuit and time-gated (TG) SPAD circuit are 

derived for time-controlled functions. To achieve CD detection mode and TG detection 

mode, the CD and TG signal generation circuits with a basic clock input are designed to 

provide the time-controlled signals to the front-end circuits. In the CD mode, a forcible 

reset mechanism is added to the SPAD front-end circuit, and the interval of dead time that 

extends to the next bit interval is removed. In TG mode, the SPAD-array is divided to 4 

sub-SPAD arrays and realise a continue detection mode, leading the dead time in one bit 

interval cannot affects the next bit interval. Both the CD mode and the TG mode reduce the 

ISI effect, and the CD mode is designed for low data rate communication and the TG mode 

is designed for high data rate communication. 

 For recording the detected photons from the proposed SPAD front-end circuit, the 4-

bit photon counter is designed for every single SPAD pixel to record the outputs from 

SPAD pixel. An adder tree is connected to every 4-bit photon counter and add the outputs 

in one bit interval of all the 4-bit photon counters to calculate the final number of detected 

photons from the whole SPAD array. As an OWC receiver, in the design discussed in this 

chapter, the SPAD is employed for photon detection. The SPAD front-end circuit is 

responsible for quenching and resetting the SPAD, generating an output for each detected 

photon. The time-controlled signal generation circuit regulates the SPAD front-end circuit 

to define the active time interval of the SPAD. Within a bit interval, the outputs of each 

SPAD are recorded by a photon counter. The values of all photon counters in an SPAD 

array are aggregated by an adder tree, resulting in an 8-bit binary representation as the 
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output. To facilitate later detection and ensure stable circuit operation, buffer and mute 

circuits are also designed and presented in the central layout.
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Chapter 4 

Performance Analysis for SPAD Receivers in 

OWC System 

4.1. Photon Detection Process in SPAD Receiver 

4.1.1. Photon Counting Process 

The photon arrival process can be described by the Poisson distribution [97]. The k 

photons can be detected with the probability of P(k) in a specific time interval T, that is 

[97]: 

𝑃(𝑘) =
(𝐿𝑇)4𝑒0!*

𝑘!  4-1 

where the L is the average photon arrival rate, LT is the average number of arrived 

photons during the time interval T. For a photon detection device, photons arrival randomly, 

causing a random detection number of photons and expands the uncertainty in OWC system. 

The PDE is the quantum efficiency of SPAD. In order to consider the PDE in the photon 

counting process of SPAD and associate the optical power with the optical system. The 

average photon arrival rate L can be written as [98]: 

𝐿 =
𝑃𝐷𝐸 × 𝑃5

ℎ𝑓&
 4-2 

PR is the received optical power in SPAD, h is the Plank constant, and 𝑓& is the frequency 

of incident photons. 

As introduced in Chapter 2.1.3, the photon count of SPAD receiver is restricted by the 

dead time, that is an undetectable period of a SPAD after a photon is detected. This 

characteristic limit the effective photon count rate and it is different in AQR and PQR 

SPAD. For a AQR SPAD, the dead time is fixed, and the maximum count rate would be 

Adapted from: J. Liu, W. Jiang, S. Kumar and M. J. Deen, "Time-Controlled SPAD Receivers in Optical Wireless Communication 

System," in IEEE Photonics Journal, vol. 15, no. 5, pp. 1-13, Oct. 2023, Art no. 7304113, doi: 10.1109/JPHOT.2023.3309881. 
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1 𝑇)⁄ . However, the effective photon count rate of PQR is always lower than the saturation 

count rate (1 𝑇)⁄ ) due to the dead time of PQR SPAD is not fixed but extended by the 

incident photons during the dead time. As a typical Geiger-Muller (GM) detector with two 

different dead time types, SPAD with AQR and PQR can be modeled as the paralyzable 

device and nonparalyzable device, respectively [99]. The effective count rates 𝐿% of SPAD 

receivers can be given by [97]: 

𝑃𝑄𝑅:	𝐿% =
𝐿

1 + 𝐿𝑇)
 4-3 

𝐴𝑄𝑅: 𝐿% = 𝐿𝑒0!*' 4-4 

Note that, for these equations, we ignored the PDE of SPAD and only consider the dead 

time effect. Figure 4-1 shows the effective count rates comparisons between PQR and AQR, 

the dead time for SPAD is given from 50 ns to 150 ns. As shown, AQR and PQR SPADs 

follow the rise trend in low photon rate values due to the count rates do not reach the 

saturation photon count rate and the effective dead times for both AQR SPAD and PQR 

SPAD are same. For these higher photon rate values, the effective count rates of PQR 

 
Figure 4-1: The relationship between the count rate and the photon rate comparisons of the active 

quench and reset (AQR) circuit and the passive quench and reset (PQR) circuit with different dead times. 
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decreases very fast after getting the peak values, that is because in the high photon rate 

conditions, the photons incident during the dead time that can extend the dead time, thus 

causing the less photons can be detected. For AQR, if the given photon rate is high, the 

effective count rate keeps constant due to the dead time is constant. Lower dead time brings 

lower effective count rate in both AQR and PQR SPADs.  

4.1.2. Photon Count Probability Distribution 

With the effective photon count rate of SPAD is derived and the photon arrival process 

is considered, the photon count statistics of SPAD in a time interval can be analysed. The 

photon count probability distribution demonstrates all the number’s probabilities of the 

photons that SPAD can detect in a time interval. This probability distribution with its mean 

and variance values are highly related with the performance of SPAD receiver and can be 

expressed as [100] [101]: 

𝑝6(𝑘) =

⎩
⎪⎪
⎨

⎪⎪
⎧7𝜓

4

78&

(𝑖, 𝜆4) −7𝜓
40,

78&

(𝑖, 𝜆40,) 𝑘 < 𝑘"#$

1 −7𝜓
40,

78&

(𝑖, 𝜆40,) 𝑘 = 𝑘"#$

0 𝑘 > 𝑘"#$

  4-5 

𝑘"#$ =	 P
𝑇9
𝑇)
Q + 1 4-6 

𝐿 =
𝑃𝐷𝐸 × 𝑃:
𝑁ℎ𝑓&

 4-7 

where the function 𝜓(𝑖, 𝜆) is defined as 𝜓(𝑖, 𝜆) = 𝜆7𝑒0;/𝑖!, and 𝜆4 = 𝐿(𝑇< − 𝑘𝑇)); k is the 

number of detected photons, 𝑘"#$ is the maximum value of k , TS is the detection time 

interval and PO is the received optical power, N is the number of SPAD pixels in a SPAD 

array and f0 is the light frequency. For the consistency of the simulation results, we refer to 

our previous research [82] and set N to be 64, Td to be 10 ns, PDE to be 38%, and f0 to be 

7.138 × 10,=	Hz (wavelength = 420 nm) in all the following simulations (Figure 4-6 to 

Figure 4-13). The mean and variance of the photon counting probability distribution for the 

Equation 4-5 are [101]: 
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𝜇4 = 𝑘"#$ − 7 7𝜓(𝑖, 𝜆40,)
4

78&

4()*0,

48&

 4-8 

𝜎4/ = 7 7(2𝑘"#$ − 2𝑘 − 1)𝜓(𝑖, 𝜆40,) −
4

78&

4()*0,

48&

7 7𝜓(𝑖, 𝜆40,)
4

78&

4()*0,

48&

 4-9 

 

ISI Effect Simulation 
As mentioned in the Section II.B and II.C, the dead time of SPAD may cause ISI effect 

in the FR mode, thus degrading the receiver performance. Figure 4-2 demonstrates the 

block time generation process, where Tb is the block time. The last detected photon in the 

first bit causes the dead time, but this dead time may extend to the second bit and cause an 

inactive interval. This is the process how the block time is generated [102]. Due to the 

existence of the block time, the effective photon detection time of every bit will be reduced 

to TS-Tb, thus resulting in a reduced photon counting in an OWC system. 

For a SPAD receiver, the arrival time of the incident photon is random and follows the 

Poisson arrival process [101]. As a result, the block time of every SPAD pixel in each bit 

of the OWC system is different even under the same condition. To solve this problem, 

Monte Carlo simulation is introduced to obtain the numerical analysis of the block time. 

The block time in one bit interval is mainly determined by the detected time of the last 

detected photon in the previous bit interval. For example, in Figure 4-2, the last detected 

 
Figure 4-2: The diagram of block time generation process. 
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photon in the 1st bit leads to the block time Tb in the 2nd bit. Therefore, the focus of Monte 

Carlo simulation is to analyze the detected time of the last detected photon in the first bit 

interval. 

As the value of photons detected, k in the first bit can be used to analyze the possible 

time of the last detected photon in the first bit and the photon counting distribution can be 

used as the probability distribution to calculate the block time (Tb) of the second bit, which 

can be expressed as: 

𝑇1 = max	{𝑇) − 𝑟𝑎𝑛𝑑(0,1) × [𝑇9 − (𝑘 − 1)𝑇)], 0} 4-10 

Although the probability of the total number of detected photons k can be calculated, 

the detection time of each photon is still random. The term (𝑘 − 1)𝑇) represents a time 

when the last photon could not be incident, that is, the last photon is not incident during [0, 

(𝑘 − 1)𝑇) ], and [𝑇9 − (𝑘 − 1)𝑇)]  is the available time for the last photon. The term 

rand(0,1) is used to the randomly generated available time when the last photon can be 

incident, and the term 𝑟𝑎𝑛𝑑(0,1) × [𝑇9 − (𝑘 − 1)]𝑇) represents the detected time of the 

last detected photon in the first bit interval. 𝑇) − 𝑟𝑎𝑛𝑑(0,1) × [𝑇9 − (𝑘 − 1)𝑇)] is the full 

dead time minus the dead time that is in the current bit interval, that is, the block time for 

the next bit interval. The average block time can be calculated after 106 times simulations 

to ensure the accuracy. The results are shown in Figure 4-4, the dead time ratio is defined 

as 𝑇)/𝑇9, which is a parameter to show the dead time effect in a OWC system. The effective 

detection time ratio is defined as (𝑇9 − 𝑇1)/𝑇9, serves as a parameter to quantify the impact 

of ISI, with a lower effective detection time ratio indicating a more pronounced ISI effect. 

 
Figure 4-3: The diagram to describe the simulation process of intersymbol interference (ISI) effect. 
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In Figure 4-4 (a), a negative correlation is observed between the dead time ratio and the 

effective detection time ratio, suggesting that the dead time significantly influences the 

block time. For example, when the dead time ratio is large it can lead to a serious ISI effect 

in the OWC system. The block time increases with the increase of the received optical 

power as shown in Figure 4-4 (b). This is because that a higher chance for photon to arrival 

at the end of first interval will result in a higher probability of extending the dead time to 

the second bit interval. 

The FR mode SPAD receiver suffers from the short effective detection interval because 

the block time occupies a faction of total bit interval. For a SPAD array, every SPAD pixel 

is an independent photon counter. As a result, the block time is different for different SPAD 

pixels. Based on the Equation 4-8 and Equation 4-9, the mean and variance of photon 

counting probability distribution in a free-running SPAD array can be written as: 

𝜇4> =7e𝑘"#$. − 7 7𝜓(𝑖, 𝜆(40,).)
4

78&

4()*+0,

48&

f
+

.8,

 4-11 

𝜎4>/ =7e 7 7(2𝑘"#$. − 2𝑘 − 1)𝜓(𝑖, 𝜆(40,).)
4

78&

4()*+0,

48&

+

.8,

− 7 7𝜓(𝑖, 𝜆(40,).)
4

78&

4()*+0,

48&

f 

4-12 

  
(a) (b) 

Figure 4-4: (a). The average block time ratio of the variant dead time ratio when PO = 60 pW, and (b), 
the average block time of the variant received optical power when Tb = 10 ns and TS = 20 ns. 
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𝑘!"#$ = g(𝑇% − 𝑇&$)/𝑇'h + 1 4-13 

𝜆($ = 𝐿i𝑇% − 𝑇&$ − 𝑘𝑇'j 4-14 

where kmaxj is the maximum number of the counted photons for the jth SPAD pixel and 𝑇&$ 

is the block time of the jth SPAD pixel, the µkf and 𝜎()*  are the summation of all the counting 

means and counting variances from the single SPAD pixel in a SPAD array.  

4.2. SPAD Receivers for On-Off Keying Modulation 

4.2.1. Concept of OOK Modulation 

On–off keying (OOK) denotes the simplest form of amplitude-shift keying (ASK) 

modulation that represents digital data as the presence or absence of a carrier wave [103], 

and it is also one of the most popular modulations implemented in OWC. In OOK 

modulation, the source transmits a large amplitude carrier when data '1' is sent, and it sends 

a small amplitude carrier for bit '0'. In a specific duration with a data of ‘1’ or ‘0’, signal in 

receivers can be represented by the electric signals that higher or lower than a threshold.  

As shown in Figure 4-5, in SPAD-based OOK modulation communication, the number 

of detected photons during a bit interval is the electric signal that can be used to represent 

 
 

Figure 4-5: The diagram to demonstrate the principle of the SPAD-based on-off keying (OOK) 
modulation. 
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data by comparing with a specific number. Transmitters under SPAD-based OOK 

modulation generate signal optical pulse in bit ‘1’ and keep close in bit ‘0’, thus causing 

SPAD receivers triggered by signal optical light and background noise in bit ‘1’ and only 

triggered by background noise in bit ‘0’. Error bits happened when counted photons in bit 

‘1’ lower than the threshold number and count more photons than threshold number in bit 

‘0’ [97]. 

In SPAD-based OWC, OOK modulation serves as a significant modulation scheme, 

exhibiting distinct advantages and drawbacks [104]. From a standpoint of advantages, OOK 

modulation is characterized by its simplicity and compatibility, rendering it suitable for SPAD 

receivers and straightforward to implement. Its high sensitivity at low light levels enables 

reliable data transmission, making it well-suited for applications requiring moderate data rates. 

However, on the flip side, OOK modulation is susceptible to the influence of background noise, 

particularly in environments with strong noise or optical interference, which could lead to 

performance degradation [86]. In comparison with alternative modulation techniques such as 

phase modulation and frequency modulation (such as phase-shift keying (PSK) modulation or 

quadrature amplitude modulation (QAM)), OOK mod’lation's primary advantage lies in its 

simplicity and compatibility with SPAD receivers. However, phase modulation can achieve 

higher spectral efficiency at certain signal-to-noise ratios, making it suitable for high-rate 

applications. Conversely, frequency modulation may find greater applicability in certain 

scenarios. Therefore, the selection of a modulation scheme necessitates a comprehensive 

assessment of the pros and cons of different approaches, accounting for specific application 

requirements like data rate, distance, and noise environment. 

In conclusion, OOK modulation plays a pivotal role in SPAD-based OWC, leveraging its 

simplicity, compatibility, and suitability for low-light conditions. Nevertheless, in real-world 

applications, a trade-off must be made considering its susceptibility to background noise and 

lower spectral efficiency, in order to fulfill specific transmission needs. 

4.2.2. OWC Model for OOK Modulation 
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BER Evaluation 

In this research, OOK modulation is used for the simulations of SPAD-based 

communication system. As the single photon detector, a SPAD receiver judges the signal 

through the detected photon number. The number of detected photons in a bit interval is 

compared with a certain threshold. If the detected number of photons is greater than the 

threshold, the decision device decides ‘1’ is sent; otherwise, it is decided that ‘0’ is sent. 

The optimal threshold is a specific threshold value to achieve the lowest BER. It can be 

expressed as Equation 4-14 [105], and the BER of OOK communication with optimum 

threshold can be expressed as [77]: 

𝑦+, =

𝜇-
𝜎-*

− 𝜇.
𝜎.*

+l(𝜇-𝜎-*
− 𝜇.
𝜎.*
)* − ( 1𝜎-*

− 1
𝜎.*
)[m𝜇-

*

𝜎-*
− 𝜇.*
𝜎.*
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− 1
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𝐵𝐸𝑅 =
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1
27 	𝑝/.(𝑦)
/,-

/00

1

/02𝑦𝑡ℎ3+1

 
4-15 

where the µj, and 𝜎$* are the mean and variance of the photon counting distribution of bit j, 

j = 0, 1, respectively. 𝑝/-(𝑦)and 𝑝/.(𝑦) denotes the photon counting probabilities of bit 0 

and bit 1, respectively. Because of the different photon detected rate (L) for bit ‘1’ and bit 

‘0’, their photon condition rates differ. for bit ‘1’, the SPAD receiver receives light from 

the transmitter and background noise. However, for bit ‘0’, the receiver receives only the 

background noise. The BER given at Equation 4-15 can be approximated as [86]: 

𝐵𝐸𝑅 ≅ 𝑄(√𝑆𝑁𝑅) 4-16 

𝑆𝑁𝑅 = m
𝜇. − 𝜇-
𝜎. + 𝜎-

n
*
 4-17 

𝑄(x) is the Q-function, which is  𝑄(𝑥) = 1
√2𝜋w 	∫ exp(−𝛼*/2)	dα1

# . Since all noise in 

this model is integrated into background power (Pb), signal-to-noise ratio (SNR) can be 

represented by Equation 4-17. Signal power is defined by the mean of the photon counting 
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distributions of bit ‘1’ and bit ‘0’, noise power comes from the variance of ‘1’ counting 

distribution and ‘0’ counting distribution. The average photon detection rate of bit ‘1’ and 

bit ‘0’ can be written as [106]: 

𝐿. =
𝑃𝐷𝐸 × (𝑃4 + 𝑃&)

𝑁ℎ𝑓-
 4-18 

𝐿- =
𝑃𝐷𝐸 × 𝑃&
𝑁ℎ𝑓-

 4-19 

where 𝑃4 is the received signal power and 𝑃& is the received background power. N, PDE, 

h and f0 are defined in Section III. 

4.2.3. Clock-driven Mode SPAD Receiver for OOK Modulation 

As introduced in Section II.B, the CD mode SPAD receiver can reset SPAD from the 

hold-off status. Therefore, no dead time can extend to the next bit interval. That is, the 

effective detection times of every bit interval are equal. The photon counting probability 

distribution of every bit interval in CD mode follows (1a), which has no ISI effect. 

Compared to the FR-mode SPAD receiver, the SPAD operated in CD mode has the 

 
Figure 4-6: The schematic of the SPAD-based OWC model with the on-off keying (OOK) modulation. 
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advantage of no ISI effect brings longer effective detection time. Therefore, the CD-mode 

SPAD has a higher photon detection ability than the FR mode. 

The photon counting probability distributions based on unmodulated signals can be 

observed in Figure 4-7 and Figure 4-8. In Figure 4-7, with the increase of the received 

optical power (PO), the number of detected photons increases, leading to the photon 

counting probability distributions of the CD and FR modes moving to the right, which 

represents higher mean values. In the high optical power condition (PO = 9 nW), a 

significant gap exists between the CD mode and the FR mode due to the higher average 

values of counted photons in the CD mode. The mean value of the photon counting 

distribution increase with the increase of PO. In Figure 4-7, when PO is 1 nW, the variance 

value of the CD mode distribution is 9.42, while that of the FR mode is 7.66. However, 

when PO is 9 nW, the variance value of the CD distribution is 18.48, while that of the FR 

mode is 14. In the case of TS > Td, the gap in variance values of the two modes is not 

changed too much with the increase of PO, because the block time is not long compared to 

the entire bit interval. 

 
Figure 4-7: Photon counting probability distribution variances of the clock-driven (CD) mode and the 

free-running (FR) mode with the increased optical power (64-SPAD array with 10 ns dead time and 15 ns 
bit interval). 
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Figure 4-8 shows the photon counting probability distributions variance with different 

bit intervals (TS). The increased TS values lead to a smaller dead time ratio. In addition, the 

difference between the CD mode distribution and the FR mode distribution in large bit 

interval (TS = 50 ns) is small because the block time is short enough thus the ISI effect can 

be ignored in the FR mode. The inserted figure in Figure 4-11 shows an approaching trend 

of two mean values with the increase of the bit interval, which indicates that the ISI effect 

on the FR receiver gets smaller with the increase of the bit interval. In the case of a short 

TS (TS = 20 ns), a gap in variance between CD and FR distributions can be observed (24.49 

for the CD mode and 20.11 for the FR mode). The reason for this gap is because in the CD 

mode, the receiver has a longer effective detection time, resulting in a larger variance value. 

On the contrary, when TS = 50 ns, the distributions of the two modes are highly coincident, 

which means that the gap in the variance value almost disappears. This is because the very 

long TS causes the proportion of block time in the entire bit interval become very small, 

making the ISI effect negligible. 

 
Figure 4-8: Photon counting probability distribution variances of the clock-driven (CD) mode and the 
free-running (FR) mode with the increased bit interval (TS) when PO = 8 nW (64-SPAD array with 10 

ns dead time). 
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The probability distribItions in Figure 4-7 and Figure 4-8 demonstrate that the CD-

mode SPAD receiver has a higher photon counting ability than the FR mode, especially 

under high optical power or low bit interval conditions. This is because that the CD mode 

is not affected by the block time under these two conditions. These features make the CD 

mode to have better performance than the traditional FR mode in OWC system. 

For this section, we present the numerical results of the BER in different modes, which 

are simulated and compared. BER comparisons of the CD mode and the FR mode using 

different variables are illustrated in Figure 4-9 and Figure 4-10. The simulations are 

performed with Ts set to be 15 ns to ensure the low data rate condition (Ts > Td). As shown 

in Figure 4-9 for three different background powers (Pb), and SNR simulation under same 

condition is inserted in this figure. As the PR increases, both the CD mode and the FR mode 

follow a rising trend in the BER performance even the increased PR leads to an increased 

block time in the FR mode receiver. That is because the SNR improvement from the 

increased signal power compensates for the performance decline from the block time, thus 

increasing the system performance. CD mode always achieves lower BER than the FR 

mode under the same PR condition due to the higher photon counting rate that caused by 

longer effective detection time. This reason can be observed in Figure 4-9, that is, compared 

to the FR mode, the distribution of the CD mode will always have a higher mean value. 

The ISI effect can be observed through the BER gap between the CD mode and the FR 

mode. The BER gap is expanded with the incremental PR value caused by the increasing 

block time in FR mode and can be observed in Figure 4-4 (b). In addition, the background 

power will affect BER's variance to PR increases. For example, when Pb = 1 nW, as the 

received signal, PR decreases from 1 ns to 6 ns, the BER decreases by a factor of 106 (10-1 

to10-7), while when Pb = 4 nW, the BER drops only by a factor of 102. This is because 

background noise will increase the variance value of distributions in bit 1 and bit 0, thereby 

reducing the SNR. Another problem caused by background noise is the contribution to 
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block time, and since the CD mode does not have block time, it has a better tolerance to 

 
Figure 4-9: BER comparisons of the clock-driven (CD) mode and free-running (FR) mode under variant 

received signal power and background power with TS = 15 ns (64-SPAD array with 10 ns dead time). 
 

 
Figure 4-10: BER comparisons of the clock-driven (CD) mode and free-running (FR) mode under 

variant data rate with PR = 5 nW and Pb = 3 nW (64-SPAD array with 10 ns dead time). 
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background noise. 

Figure 4-10 illustrates the BER variance with the increased data rate, and SNR 

simulation is inserted in this figure. In OOK modulation, the data rate (bps) can be 

calculated as 	 .
5.

. Therefore, the BER increases with the data rate in both the CD mode and 

the FR mode due to the decreased TS. As the data rate increases, the symbol interval 

decreases and the BER increases since the effective detective time decrease. According to 

Equation: 4-16 and Equation: 4-17, both BER and SNR are strongly affected by the mean 

values. Under low background power condition, (𝜇. − 𝜇-)* ≅ 𝜇., and as TS decreases,	𝜇. 

reduces leading to a performance degradation of the OWC system. The lower performance 

of the FR mode results from the lower effective detection time due to the ISI effect. The 

increasing performance gap between the CD mode and the FR mode is because that the ISI 

effect on the BER performance becomes more and more obvious with the increase of the 

data rate. This is as shown in Figure 4-4 (a). The higher data rate corresponds to a higher 

dead time ratio, which will also decrease the effective detection time ratio due to the block 

time. As a result, at the forward error correction (FEC) limit of 3.8 × 1067, the maximum 

available data rate for the FR mode in this condition is 70 Mbps and the maximum available 

data rate for the CD mode is 100 Mbps. 

4.2.4. Time-gated Mode SPAD Receiver for OOK Modulation 

The TG signal operates four sub-SPAD arrays for the high data rate condition, in which 

the dead time is longer than the bit interval. In this condition, the block time for one single 

SPAD pixel is able to cover several entire bit intervals and the FR mode is no longer 

accurately described by Equation 4-11 to Equation 4-14.  

Instead, the photon counting process can be modeled as a Bernoulli process with two 

states for each SPAD pixel [107]. State 1 for blocking, which indicates that no incident 

photon can be detected and state 0 for detection, where at most one incident photon can be 

possibly detected [108]. The Markov chain can be used to model the photon counting 

process. The mean 𝜇(8  and variance 𝜎(8
*of the photon counting probability distribution for 

the FR mode in high data rate condition can be expressed as [107], [108]: 
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𝜇(8 = 𝑁
𝐿𝑇9

1 +𝑚𝐿𝑇9
 4-20 

𝜎(8
* = 𝑁

𝐿𝑇9 + (𝑚 − 1)𝐿*𝑇9*

(1 + 𝑚𝐿𝑇%)*
 4-21 

𝑚 =
𝑇'
𝑇9

 4-22 

where N is the number of SPAD pixels in a SPAD array, 𝐿 is the average photon detection 

rate (photons/s). As introduced in Section II.C, the TG mode SPAD receiver effectively 

alleviates the ISI effect through continuous detection by cyclically enabling the TG window 

of each sub-array. However, this approach reduces the effective number of SPAD pixels 

available for photon detection and decreases the received optical power to 25% (only 25% 

SPAD pixels are available for one sub-SPAD array). In the receiver design of Figure 3-12, 

a 64-SPAD array receiver operated in TG mode is equivalent to a 16-SPAD array receiver 

without the ISI effect. Consequently, the mean and variance of photon counting probability 

distribution of the FR mode in the high data rate condition can be expressed by Equation 

4-20 and Equation 4-21, respectively. The mean and variance of photon counting 

probability distribution of the TG mode can be calculated by Equation 4-11 and Equation 

4-12, respectively, by replacing the total SPAD number with the effective SPAD number 

and reducing the received optical power and background power by 75%. 

The comparisons of the TG mode and the FR mode under different optical power 

conditions are shown in Figure 4-11, and the bit interval is shorter than the dead time. 

Unlike the CD mode, which achieves higher mean values of photon counting distribution 

by leveraging its high photon detection ability, the TG mode relies on the less effective 

detectable SPAD pixels, resulting in a low photon detection ability. Consequently, the 

photon counting distributions of the TG mode have lower mean values than the FR mode 

due to the less effective detection pixels. When optical power (PO) is 1 nW, the mean value 

of photon counting probability distribution of TG mode is 1, which is lower than that of FR 

mode (3.5). However, the TG mode offers a solution to the issue of uneven effective 
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detection time caused by the ISI effect in high data rate communication. This can be 

observed and compared by the variance distributions. As shown in the inserted figure in 

Figure 4-11, the increased gap of the variances comparison with the increased received 

optical power shows that the condition of uneven detection time caused by ISI effect 

becomes more serious in the FR mode. Thus, the TG mode exhibits better performance in 

high optical power conditions. The stronger PO expands the number range of photon 

detection of the SPAD. Moreover, due to the ISI effect, the effective detection time of the 

SPAD also changes greatly. These two factors lead to the trend of the variance of FR mode 

distribution increasing with the increase of PO. In contrast, when the ISI effect is eliminated, 

the variance of TG mode distribution first rises and then falls with the increase of PO. 

Specifically, when PO ranges from 1 nW to 10 nW, the variance value of TG mode increases, 

because increased PO expands the range of photon detection number of TG SPAD. 

However, when PO is greater than 10 nW, the detected photon number keeps approaching 

the photon detection limit of TG SPAD, thus decreasing variance value. 

 
Figure 4-9: Photon counting probability distribution of the time-gated (TG) mode and the free-running 

(FR) mode under variant optical power (64-SPAD array with 10 ns dead time and 5 ns bit interval). 
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Effects from the bit interval are shown in Figure 4-12. The advantages of the TG mode 

are mainly evident in the short bit interval situations. For example, when TS = 2.5 ns, the 

TG mode distribution has a lower variance value and similar mean value when compared 

to the FR mode. However, when the bit interval is relatively longer (for example, TS = 10 

ns), the FR mode distribution has a higher variance value than the TG mode distribution. 

Moreover, the mean value of the FR mode distribution (46.56) is much higher than that of 

the TG mode distribution (17.21) when the bit interval is 10 ns. In such cases, the 

advantages of the TG mode are no longer apparent, and the FR mode is expected to perform 

better in the OWC system. 

A trade-off needs to be considered in the application of the TG mode. Similar to the 

CD mode, the TG mode SPAD receiver can efficiently reduce the ISI effect. However, less 

effective detection pixels due to the cyclic enabling detection mode cause a low photon 

counting ability. The TG mode is designed for high data rate condition with the feature of 

the high detection interval consistency. High optical power condition can increase the 

number of detected photons and alleviate the drawback caused by less effective detection 

 
Figure 4-10: Photon counting probability distribution of the time-gated (TG) mode and the free-running 

(FR) mode under variant bit intervals when PO = 20 nW (64-SPAD array with10 ns dead time). 
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pixels in the TG mode. As a result, TG mode receiver has a potential in the OWC 

application for the conditions of high data rate and high optical power. 

When implementing the TG mode for the BER evaluation, we need the high optical 

power condition and high data rate condition to demonstrate the advantages of the TG mode. 

In Figure 4-13, the TS is set to be 5 ns, which is shorter than the Td (10 ns). Since there is 

no ISI effect, BER variation trend of the TG model is similar to Figure 4-9. For the FR 

mode, the average effective photon detection time per bit interval is very small due to very 

severe ISI effects, which is even more pronounced at high PR condition. In this case, the 

improvement in system performance caused by the increase in signal power will not be 

significantly greater than the decrease in system performance caused by the ISI effect, so 

the improvement in BER of the FR mode saturates as the received signal power increases 

(see Figure 4-13). From the perspective of Monte Carlo simulation and Equation 4-16 and 

Equation 4-17, since the block time is random, the effective detection time of each bit for 

FR mode is constantly changing (ranging from 0 to TS), which will lead to a large variance 

of photon count distribution of bit 1 and bit 0. In other words, compared with TG mode, 

 
Figure 4-11: BER variation comparisons of the time-gated (TG) mode and the free-running (FR) mode 

under variant received signal power with TS = 5 ns (64-SPAD array with 10 ns dead time). 
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the ( 𝜎. + 𝜎- ) value of FR mode is much greater, which will seriously affect the 

performance of SNR and BER. The TG mode operated in this condition can only achieve 

better performance than the FR mode in high signal power communication. For example, 

under the condition of Pb = 1 nW, as shown in Figure 4-13, the FR mode has lower BER 

when PR is lower than 15 nW, while the TG mode perform better when PR is higher than 

15 nW. This is because that the ISI effect is not so obvious when the received optical power 

is low. Therefore, the FR mode receiver has more effective detection pixels to achieve 

better photon detection ability. On the contrary, the FR mode suffers from the severer ISI 

effect in the high optical power condition. The advantage of no ISI effect in TG mode 

contributes to better performance. The background noise has a negative impact on 

performance. In the FR mode receiver, the background power causes ISI effect. Under high 

background power condition, the TG mode shows its advantage. As shown in Figure 4-13, 

TG mode in low background power (Pb = 1 nW) requires higher received signal power 

(PR > 15 nW) to perform better than the FR mode. However, only 5 nW PR is needed by 

the TG mode to outperform the FR mode in high background power condition (Pb = 3 nW). 

 
Figure 4-12: BER variation comparisons of the time-gated (TG) mode and the free-running (FR) mode 

under increased date rate with PR = 20 nW and Pb = 2 nW (64-SPAD array with 10 ns dead time). 
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This is mainly because the FR mode is more sensitive to background noise as the 

background noise will not only increase the variance value of the photon count distributions, 

but also cause serious ISI effect in FR mode. This shows that the TG mode has a stronger 

tolerance for the background noise power than the FR mode. 

The analysis on BER versus data rate Is shown in Figure 4-14 with inserted SNR 

simulation. In a relative low data rate condition such as 100 Mbps, the FR mode has a lower 

BER due to the weaker ISI effect since the bit interval TS is longer, and the FR mode 

benefits from more effective detection SPAD pixels. The FR mode receiver in this 

condition has a high mean value in the photon distribution, despite a large variance in the 

photon count distribution. This is due to the large number of effective SPAD pixels, which 

enhances the photon detection capability. This conclusion can be obtained from SNR 

simulation. At a lower data rate, the FR mode receiver has a higher SNR. The ISI effect in 

the FR mode becomes obvious with the high data rate under a relatively high optical power 

condition. Therefore, due to the ISI effect, the originally high photon count distribution 

mean value of FR mode rapidly decreases with the increase of data rate. This led to a rapid 

decline in both SNR and BER performance. In TG mode, the variance value of photon 

count distribution is always low because there is no block time, so the performance of SNR 

and BER will exceed that of FR mode in high data rate condition. In low data rate conditions, 

the TG mode exhibits inferior performance compared to the FR mode. This is because the 

TG mode has fewer effective pixels than the FR mode, and the ISI in FR mode is not 

significant at low data rate conditions. Consequently, in low data rate conditions, TG mode 

fails to demonstrate its advantages. As shown in Figure 4-14, the FR mode has a higher 

BER than the TG mode when the data rate is higher than 135 Mbps.  

4.3. SPAD Receivers for Pulse-Position Modulation 

4.3.1. Concept of PPM Modulation 
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Pulse Position Modulation (PPM) is a digital communication technique used to 

transmit digital signals as a sequence of pulses. In PPM, each binary digit (0 or 1) is mapped 

to one or multiple pulses, and their positions and durations represent the data information 

[109]. The position of each pulse within discrete time intervals conveys the digital 

information, while the amplitude of the pulses is typically kept constant. Based on this 

method, PPM has given a rise of other modulation schemes such as multi-pulse position 

modulation (MPPM) and differential pulse position modulation (DPPM). MPPM 

modulation is a method of mapping n-bit binary bit groups to PPM symbols consisting of 

M information slots according to certain rules [110]. In each MPPM symbol, multiple 

information slots out of the M slots transmit signal light pulses. DPPM is a modulation 

method that improves on the single pulse PPM modulation. In DPPM modulation, the high-

 
(a) 

 
(b) 

 
(c) 

Figure 4-13: The principle diagrams of the (a) basic 4-ary pulse-position modulation (PPM), (b) the 
multi-pulse position modulation (MPPM) and the (c) differential pulse position modulation (DPPM). 
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level signals in a code group of the PPM modulation signal are all removed to reduce the 

required bandwidth [111]. The Figure 4-15 demonstrates the definition of three PPM 

modulations. 

PPM modulation is widely used in optical fiber communication, indoor navigation and 

other OWC applications [112], [113]. PPM modulation has a strong resistance to optical 

distortion and dispersion in OWC due to it maps digital information into pulse positions 

and durations, while the pulse amplitude remains constant. This characteristic enhances the 

ability of PPM to withstand interference by transmission media. Furthermore, PPM offers 

simplicity and efficiency in its modulation scheme, making it suitable for high-speed data 

transmission applications. PPM modulation showcases a unique advantage in its efficient 

utilization of optical power, allowing multiple bits to be conveyed within a single pulse. 

This attribute enhances the data rate capacity and spectral efficiency of SPAD-based OWC 

systems. Additionally, PPM exhibits enhanced resilience to background noise and ambient 

light, attributes that bolster its performance in challenging environments. On the other hand, 

PPM suffers from some drawbacks such as low sensitivity and low bandwidth utilization.  

In SPAD-based OWC systems, PPM outperforms OOK in scenarios demanding higher 

data rates and efficient bandwidth usage. However, OOK holds an advantage in low-light 

conditions, providing a reliable means of communication when signal strength is limited. 

The choice between PPM and OOK modulation for SPAD-based OWC hinges on specific 

application requirements, such as data rate, distance, and environmental factors. 

4.3.2. OWC Model for PPM Modulation 

In SPAD-based OWC application, the PPM modulation distinguishes signal by the 

counted photons number of SPAD receiver. In this research, the OWC model is established 

by the basic PPM modulation as shown in the Figure 4-15, the numbers of counted photons 

in 4 slots are compared and the slot with the maximum counted photons is regarded as the 

signal pulse. As two digital modulations, the OOK and PPM represent signal information 
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by mapping the bits ‘1’ and ‘0’ into different pulse forms. The equations to describe OOK 

modulation process can be implemented into the PPM modulations.  

The Figure 4-15 and the related Table 4-1 show the OWC model processes for PPM 

modulation. In step 1, the SPAD receiver accepts optical power and background power in 

pulsed slots and only accepts background power in non-pulsed slots. The photon detection 

probability distribution in the second step is the same as the analysis in OOK modulation.  

This is because the ‘slot’ in PPM modulation and the ‘interval’ in OOK modulation both 

have the fixed duration and the SPAD receiver has a response under fixed optical power 

(the optical power does not change in one slot or one bit interval). In this step, the TS 

represents the slot time, and the other parameters keep same to the model for OOK 

modulation. Unlike the OOK model where we use SNR to estimate the BER, in the PPM 

model, we obtain the BER in a more intuitive way. We utilize the photon detection 

probability distribution obtained in step 2, and randomly generate a value k based on this 

distribution, which represents the number of photons detected by the SPAD receiver in this 

slot. As basic 4-ary PPM modulation, the 4 k values are compared in step 4 and the 

 
Figure 4-14: The schematic of the SPAD-based OWC model with the basic pulse-position modulation. 
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corresponding binary data is obtained. The BER can be calculated by comparing the 

obtained data and original data. 

In PPM modulation, a pulsed slot corresponds to two bits. Compared to OOK 

modulation, that maps the digital information to the presence or absence of pulses, the 

Table 4-1: The summary of equations in the SPAD-based OWC model 

Step Equations Description 

1 
Pulsed slot ‘PO = Pb + PR’ 

Non-pulsed ‘PO = Pb’ 

Photon incident 

condition 

2 

𝑝/(𝑘) =

⎩
⎪⎪
⎨

⎪⎪
⎧0𝜓

0

12,

(𝑖, 𝜆0) −0𝜓
0"$

12,

(𝑖, 𝜆0"$) 𝑘 < 𝑘34+

1 −0𝜓
0"$

12,

(𝑖, 𝜆0"$) 𝑘 = 𝑘34+

0 𝑘 > 𝑘34+

 

𝐿 =
𝑃𝐷𝐸 × 𝑃5
𝑁ℎ𝑓,

 

𝑘34+ = 	 A
𝑇6 − 𝑇7
𝑇8

C + 1 

𝜓(𝑖, 	𝜆) = 𝜆1𝑒"9/𝑖! 

𝜆0 = 𝐿(𝑇: − 𝑇7 − 𝑘𝑇8) 

𝑇7 = max{𝑇8 − (0,1) × [𝑇6 − (𝑘 − 1)𝑇8], 	0} 

The analysis of photon 

detection probability 

distribution (ISI effect 

is included) 

3 k = Rand[Pk(k)] 

A random number of 

detected photons based 

on the probability 

distribution in step 2. 

4 

k1 = max{k1, k2, k3, k4}           Data = 00; 

k2 = max{k1, k2, k3, k4}           Data = 01; 

k3 = max{k1, k2, k3, k4}           Data = 10; 

k4 = max{k1, k2, k3, k4}           Data = 11; 

Numbers of detected 

photons in four slots 

are compared to 

demodulate the PPM 

data 
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SPAD receiver receives lower optical power in PPM-based OWC system. This 

characteristic leads a lower ISI effect and increase the potential of SPAD receiver in PPM-

based system to achieve better performance.  

4.3.3. Clock-driven Mode SPAD Receiver for PPM Modulation 

In this section, the CD mode and FR mode SPAD receivers are compared based on the 

OWC model in Section 4.3.2. The SPAD receiver in this model is set to 16 for keeping 

consistent with our designed SPAD receiver, and 106 binary bits are simulated for accurate 

BER values. The Figure 4-17 and Figure 4-18 demonstrate the BER variances with the 

increasing received signal powers under different background powers and the BER 

performances under different data rates, respectively. Similar to the OOK modulation, we 

can summarize four observations from Figure 4-17. Firstly, the BER of both CD mode and 

FR mode decreases with an increase in signal power PR and increases with an increase in 

background power Pb, which is consistent with the basic principles of optical receivers. 

Secondly, CD mode outperforms FR mode under any optical power condition, as CD mode 

 
Figure 4-15: BER comparisons of the clock-driven (CD) mode and free-running (FR) mode under 

variant received signal power and background power with TS = 25 ns (16-SPAD array with 10 ns dead 
time). 
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effectively reduces the ISI effect. Thirdly, as PR increases, the BER gap between CD mode 

and FR mode becomes larger, as the ISI effect has a greater impact on FR mode but not on 

CD mode under high optical power. Fourthly, the performance gap between CD mode and 

FR mode decreases with an increase in Pb, as under high Pb conditions, error bits primarily 

originate from background noise interference rather than a reduction in effective photon 

detection time due to the ISI effect. In Figure 4-18, as the slot time TS increases, both FR 

and CD modes exhibit a decreasing trend in BER, as their effective photon detection time 

increases. The better performance of CD mode is attributed to its suppression of the ISI 

effect. Moreover, the BER difference between FR and CD modes does not show a 

significant variation with the change in TS. This can be explained by the fact that the ISI 

effect does not affect PPM modulation as severely as it does for OOK modulation, and the 

reasons for this are explained in Section 4.3.2. 

 
Figure 4-16: BER comparisons of the clock-driven (CD) mode and free-running (FR) mode under 

variant data rate with PR = 400 pW and Pb = 200 pW (16-SPAD array with 10 ns dead time). 
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4.4. Conclusions  

Based on the three SPAD circuit configurations proposed in Chapter 3 (FR, CD, TG), 

this chapter establishes an OWC model based on Geiger-mode photon counters to simulate 

the performance of these SPAD circuits in OWC applications. An OWC model with a 

receiver consisting of a 64-SPAD array is constructed, and a comparison is made between 

the FR SPAD mode, CD SPAD mode, and TG mode under OOK modulation. Furthermore, 

an OWC model with a receiver consisting of a 16-SPAD array is also developed to compare 

the performance of FR SPAD mode and CD SPAD mode under PPM modulation. 

In the OWC models based on OOK and PPM modulation, the ISI effect is taken into 

account, and Monte Carlo simulations are employed to analyze the relationship between 

the optical intensity, SPAD circuit dead time, communication data rate, and ISI effect in 

the OWC system. The results indicate a direct proportionality between optical intensity and 

the block time that responsible for causing ISI effect. Moreover, there is a positive 

correlation between the ratio of dead time to the bit interval and the ratio of block time to 

the bit interval. 

In this chapter, we also analyzed the photon counting probability distribution of 

different SPAD circuits. This analysis explores the photon detection scenarios of SPAD 

receivers under specific time and optical conditions. The mean and variance values of the 

distribution can be employed to indicate the performance of the SPAD receiver. In 

comparison to the FR mode, the photon counting probability distribution of CD mode 

exhibits a smaller mean value, signifying enhanced photon detection capability. On the 

other hand, the TG mode demonstrates a lower variance value, affirming the stability of its 

detection capability under high data rate and optical power conditions. These observations 

collectively provide evidence of the superior performance exhibited by the time-controlled 

modes. 

In this chapter, BER comparisons of the performance of SPAD receivers based on the 

two OWC models are presented, with a summary of the outcomes provided in Table 4-2. 

The FR mode has a simpler circuit structure as no signal generation circuit is required. 

However, a notable disadvantage of FR mode is the high ISI effect that occurs in high 
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optical power and high data rate conditions, as indicated by the results of the 

communication model used in this paper. CD mode receiver demonstrates high photon 

counting ability and effective suppression of background noise. However, the variable dead 

time in CD mode introduces uncertainty in afterpulsing impact, resulting in a higher noise 

level in high data rate communication and potentially affecting system performance. The 

TG mode offers high effective detection time and low afterpulsing probability even under 

high data rate conditions. However, the TG receiver may suffer from low photon counting 

ability in low optical power conditions due to fewer effective SPAD pixels. Hence, high 

data rate and high optical power are necessary conditions to fully exploit the advantages of 

the TG mode. 
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Chapter 5 

Measurement Results of SPAD Receivers 

In this chapter, the chip measurement results are presented for the SPAD circuits 

proposed in chapter 3, and the characteristics of FR mode, the CD mode and the TG mode 

in Chapter 4 are verified. The designed SPAD receiver is fabricated in the TSMC 65 nm 

process, and the printed circuit board (PCB) is manufactured for chip test. 

5.1. Fabricated Chip and Printed Circuit Board 

For measuring the chip functions and modes of operation, a chip with total area of 2 

mm ´ 1 mm was bonded to a 68-pin PGA package and fixed in a PCB. As shown in the 

Figure 5-1, 37 pins are reserved for this chip, 8 pins for the outputs of CD SPAD array and 

8 pins for the outputs of TG SPAD array, 4 pins are connected with the outputs of 4 SPAD 

pixels for measuring the performance of single SPAD pixels, and other pins are used to 

connect the power supplies and digital control the modes of the SPAD receivers. In the 

PCB design, the SubMiniature version A (SMA) connectors, the switches, the head 

connectors, the jumpers, and the power connectors are designed as the I/O pins to build 

connection between chip and outside power, clocks, and experimental devices (power 

supplies, signal generators, oscilloscope).  

 
Figure 5-1: Diagram of the experimental setup of the OWC test platform. 
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5.2. SPAD Performance Parameters Measurement 

5.2.1. Dark Count Rate  

As a basic parameter in SPAD that deeply impacts the performance of SPAD receiver 

in OWC application, the DCR is measured by the setup shown in the Figure 5-2. The bias 

voltage and the SPAD circuits are supplied by an Agilent E3646A DC power supply, the 

output of SPAD pixel is measured by the LeCroy Waverunner 625Zi mixed-signal 

oscilloscope. The SPAD receiver is covered by a sheet metal and measured in the dark 

room to ensure the results are accurate. The SPAD was configured in the basic FR mode, 

with the control voltage VCON set to be 0 V to achieve the lowest dead time. The DCR 

values were obtained by averaging the time interval between two dark counts. Each DCR 

value was calculated from at least 105 dark count measurements to ensure its accuracy. 

Figure 5-3 shows the DCR results variation with the increased bias voltages. Based on 

our previous measurement, the breakdown voltage of SPAD is 9.85 V in room temperature, 

and the DCR keeps increase from 5.9 × 107 in 10.15 V Vbias to 5.8 × 10: in 10.55 V Vbias 

and shows an increase with the increase of bias voltage. This is because, high electric field 

across the SPAD junction increase the likelihood of avalanches from noise source and 

increases the probability of avalanche triggered by non-photon carriers. Compared with 

 
Figure 5-2: Diagram of the experimental setup for the dark count rate (DCR) measurement. 
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other published SPADs research, the SPAD we designed has a low level of DCR, as shown 

in the Table 5-1. 
Table 5-1: Dark count rate (DCR) comparison of our work and other SPAD circuits 

Ref. Tech. (nm) VER/VBR (V/V) DCR (cps) 

[114] 180 nm CMOS 0.5/10.2 6 × 10: 

[88] 180 nm CMOS 2 / 9.98 6.6 × 10; 

[115] 180 nm CMOS 2.5 / 10 2 × 10; 

[116] 90 nm CMOS 0.13 / 10.4 1.6 × 10: 

[117] 65 nm CMOS 1.5 / 9.9 1.1 × 10< 

This Work 65 nm CMOS 0.3 / 9.85 𝟓. 𝟗 × 𝟏𝟎𝟑 

 

5.2.2. Adjustable Dead Time Measurement 

The dead time of SPAD significantly affects its photon count rate. As described in the 

Chapter 3.1.2, In our proposed SPAD circuit, the hold-off time of SPAD is controlled by 

the VCON, the hold-off time increases with the increase of the control voltage through the 

hold-off time control circuit. This variation can be observed by measuring the output of the 

 
Figure 5-3: The dark count rate (DCR) of proposed SPAD receiver under different bias voltages. 
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SPAD pixel. It is because, in the proposed front-end circuit, the hold-off time determines 

the dead time, and the output pulse of SPAD pixel is designed to be consistent with the 

dead time pulse. The setup of the output measurement is shown in Figure 5-5 and the VCON 

is set from 0.2 V to 1 V as shown in the Figure 5-4 and Figure 5-6. In Figure 5-4 (a), we 

measured the waveforms of the SPAD outputs and inserted a complete waveform of SPAD 

output at 0.2 V control voltage in the top left corner of the image. To reduce device 

interference, we selectively captured the first appearing positive pulse and integrated the 

waveforms of outputs at different control voltages into the same figure. It is evident that as 

the control voltage increases, both the pulse amplitude and width continuously increase, 

which represents the normal functions from hold-off time control circuit and the output 

stage in the SPAD front-end circuit. We estimated the duration of the output, by measuring 

the 50% pulse width of the pulses and the results with the increase of VCON is presented in 

the Figure 5-4 (b). With the increase of VCON, the pulse width of SPAD output follows in a 

increase trend. When VCON = 0.2 V, the width of the pulse is approximately 5 ns, whereas 

when VCON = 1 V, the width of the pulse is approximately 13 ns. With the increase of VCON, 

the waveform curve of the SPAD output changes. This is because the SPAD output is 

designed as a square wave. At lower VCON values, due to the presence of parasitic 

 
(a) (b) 

Figure 5-4: (a): The SPAD output waveforms obtained from the oscilloscope; (b): The 50% pulse widths 
of SPAD outputs with the increase of control voltage (VCON). 
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capacitance, shorter pulses cannot be fully recorded by the oscilloscope. The increase in 

pulse width caused by the increasing VCON results in the output waveform exhibiting square 

wave characteristics on the oscilloscope. 

According to the Equation 4-4, the effective photon count rate of a AQR SPAD is 

proportional to the dead time under a same saturation irradiance condition. As a result, by 

adjusting the control voltage, the photon count rate can be measured to demonstrate the 

effect of dead time. As shown in the setup of Figure 5-5 a LED with 430 nm is added to 

supply a stable illumination on the SPAD receiver and the photon count rates of a single 

SPAD pixel under different control voltages are shown in the Figure 5-6 (a). At the same 

irradiance, the photon counting rate of the SPAD decreases with the increase of the control 

voltage. This is because, at the same detection time, the higher control voltage leads to an 

increased dead time, reducing the effective detection time of the SPAD. Compared to a 

shorter dead time, a longer dead time results in a longer inactive time, reducing the 

probability of photon detection. Figure 5-6 (b) is a timing diagram illustrating the 

relationship between detection time and SPAD outputs. From this figure, it can be observed 

that within a 60 ns detection time, the SPAD outputs under low VCON detected 8 outputs, 

while the SPAD outputs under high VCON detected three outputs. Consequently, the photon 

count rate also varies accordingly. 

 
Figure 5-5: Experimental setup for the photon count rate measurement. 
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(a) 

 
(b) 

Figure 5-6: (a): The photon count rate of designed SPAD receiver under different VCON; 

(b): The timing diagram of the detection time and SPAD outputs. 
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5.3. The SPAD Receiver Test 

5.3.1. The OWC Platform 

 To evaluate the functionality of the chip and the performance characteristics of the 

SPAD receiver in different modes, we constructed an OWC platform based on OOK 

modulation techniques. As shown in Figure 5-7 (a), a function generator (HEWLETT 

PACKARD 3325B) generates the clock signal, with the frequency set to match the data 

rate of the OWC system. A Verilog code is programmed into an FPGA evaluation board 

(Xilinx Spartan VI) to implement signal modulation. The FPGA generates pseudo-random 

modulation signals at the clock frequency using internally generated pseudo-random 

numbers. These signals are then sent to an oscilloscope (Lecroy Waverunner 625 Zi) and 

 
(a) 

 
(b) 

Figure 5-7: (a) Experimental setup of the OWC platform for the SPAD pixel test and SPAD receiver 
test. (b) A figure of the proposed OWC platform. 
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used to drive an LED. Under the control of the pseudo-random signal, the modulated optical 

signal is continuously transmitted from the LED to the SPAD receiver and detected by the 

receiver. The SPAD receiver is connected with a DC voltage source (Agilent E3646A), and 

the outputs of the SPAD pixel or SPAD array are connected to the oscilloscope to be 

recorded. The waveforms displayed on the oscilloscope allow us to assess the functionality 

of the chip and the characteristics of different modes. Through this OWC platform, we are 

able to evaluate the performance and characteristics of the SPAD receiver under different 

modulation modes, providing valuable insights into the overall functionality and efficiency 

of the chip. Regarding this platform, the transmitter system is composed of the function 

generator, the FPGA and the LED, the receiver terminal is the power supply and the SPAD 

receiver, and the oscilloscope acts as a monitor to record the information from transmitter 

and receiver systems for further analysis. 

The Figure 5-7 (b) is an example to show the setup of chip test measurement, and the 

screen on the oscilloscope displays the output from one SPAD pixel under a modulated 

optical signal from the LED transmitter.  

5.3.2. The SPAD Receiver Performance 

In Section 5.2.2, we experimentally measured the SPAD output pulses to verify the 

functionality of the voltage-controlled delay in the SPAD front-end circuit. In Section 5.3.1, 

we proposed a OWC test platform specifically designed to assess the performance of the 

SPAD receiver. In this subsection, we integrated the SPAD receiver with the OWC test 

platform to conduct reliability tests on both the SPAD and the receiver.  

Figure 5-8 presents a screenshot of an oscilloscope, where the upper part displays the 

output of the SPAD pixel, and the lower part originates from the FPGA, representing a 

random OOK signal. Each bit interval in the OOK signal has been labeled to indicate the 

corresponding bit type (1 or 0). This OOK signal is employed to control the LED, and when 

the signal is at a high level, the LED is activated, illuminating the SPAD receiver. The 

photons emitted by the LED are absorbed by the SPAD pixels, resulting in output signals 

that are shown on the oscilloscope. More photons are detected in signal 1 intervals due to 
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the signal light from LED. However, few photons can be detected during bit 0 due to the 

dark counts which is framed in red in Figure 5-8.  

Figure 5-8 illustrates the response of the SPAD as a receiver to the optical signal in the 

SPAD-based OWC system. Under high optical intensity, the SPAD has a greater likelihood 

of detecting photons. However, this does not imply that the SPAD under high irradiance 

will detect more photons than the one under low irradiance within a fixed time interval. 

This is because photon detection in the SPAD follows a Poisson distribution. In practical 

optical communication systems, background light causes the SPAD to detect photons even 

in the absence of signal light (i.e., in bit 0 conditions). When the SPAD detects more 

photons in bit 0 than in bit 1, errors can occur. Therefore, higher background light intensity 

leads to the detection of more error bits in the SPAD-based OWC system. Moreover, dark 

counts also degrade the performance of the SPAD receiver, especially when the signal light 

is weak. Dark counts reduce the SPAD ability to distinguish between bit 1 and bit 0, thus 

increasing the BER. 

5.3.3. The Experimental Setup 

Based on the OWC platform shown as Figure 5-9, a LED pixel is added as the source 

of the background light. The background light LED (wavelength = 430 nm) is operated by 

a stable bias voltage and different background optical power could be implemented by 

adjusting the bias voltage and could be measured by the optical power meter (as shown in 

the Figure 5-11). The waveforms of signals and outputs from SPAD array are processed in  

 
Figure 5-8: The waveforms of SPAD output and the OOK signal obtained from the oscilloscope. 
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MATLAB for calculating the BER. For the OOK modulation, the clock waveforms are also 

recorded by the oscilloscope and input into MATLAB. The clock signal acts as the 

reference signal to regulate the bit interval, and the OOK signal determines the type of this 

bit interval (bit ‘1’ or bit ‘0’). The 8-bit output from SPAD array is transferred to 

hexadecimal number and corresponded to the bit interval. The bit intervals, bit types and 

the outputs from waveforms are recorded and digitized in MATLAB, and the threshold for 

OOK modulation is set from 0 to the maximum value of the receiver output. By recording 

the error bits and correct bits under different thresholds, the threshold is chosen under the 

condition of minimum error bit and the BER is calculated based on the value of minimum 

error bit.  

Figure 5-10 shows the setup to measure the signal optical powers and background 

optical powers, the LED illuminates a Newport 818-SL wavelength calibrated silicon 

photodetector coupled to a Newport 1830-C optical power meter. The two types of optical 

 
 

Figure 5-9: The experimental setup for the bit error rate (BER) measurement. 
 

 
Figure 5-10: The experimental setup for the optical power measurement. 
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powers can be adjusted by adjusting the LED bias voltage and the position to SPAD 

receiver. 

 By implementing the OWC platform, Figure 5-11 validates the outputs of the single 

SPAD pixel and SPAD array with the generation of the OOK signal. Subgraph a shows the 

clock waveform captured by the oscilloscope, generated by the waveform generator. 

Subgraph b displays the OOK signal, with each clock period generating one OOK bit. 

Subgraph c represents the output of the 8-bit SPAD array, and subgraph d depicts the output 

of an individual SPAD. We can observe that as the OOK signal changes, the output of both 

the individual SPAD and the SPAD array also changes. When the OOK signal sends bit '1,' 

the SPAD receives photons from the transmitter, resulting in an output. During the bit '0' 

interval, when the LED is turned off, the SPAD's output decreases. 

5.4. The BER Measurement 

In this part, we measured the BER performance of FR, CD, and TG modes SPAD 

receivers under increased signal power and increased data rate. The BER performance of 

FR mode is shown in the Figure 5-12. To better explain the results, the simulation results 

 
Figure 5-11: The waveforms of the output from SPAD array and the On-Off Keying (OOK) signal 

obtained from the oscilloscope. 
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run in the same conditions are added to compare with the experimental results. In the 

simulations and experiments of Figure 5-12, the data rate is set to 2 Mbps and the VCON is 

set to 0.7 V for 10 ns dead time, the signal powers range from 4 µW to 20 µW with the 

background power is 1 µW, The incident optical power and incident background power for 

simulation are calculated by the ratio of active area of SPAD array (16 × 25	𝜇𝑚*) and the 

photo detector active area (100.29 mm2). From Figure 5-12 (a), it can be observed that at 

the same background power level, with the increasing signal power, the FR mode receiver 

exhibit a decreasing trend in BER, which is align with the simulation results. This is 

attributed to the higher signal power allowing the SPAD receiver to detect more photons 

during the '1' bit duration, resulting in a greater differentiation in the detected photon counts 

between '1' and '0' bits. As shown in the Equation 4-1 and Equation 4-2, higher received 

optical power causes a higher photon arrival rate, leading the SPAD has higher probability 

to detect more photons.  

In the Figure 5-12 (b), the experimental results and the simulation results of FR SPAD 

receiver are compared with increased data rate. In this figure, the signal power is 20 µW 

and the background power is set to 1 µW. The trend observed in both the experimental and 

simulation results regarding the BER changing with data rate is consistent, that the 

increased BER is leaded by the increased data rate. This is explained by the Equation 4-1, 

the lower detection time for SPAD leads an increased likelihood of detecting less photons 

and causing a lower performance.  
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In Figure 5-13, the BER measurement results of CD mode are presented. The 

communication conditions are consistent with the FR mode BER measurement. We can 

observe that the experimental results show that the CD mode and the FR mode follow a 

very close variation trend. The BER results are very similar for both modes. For example, 

by comparing the experimental results presented in 5-12 (a) with 5-13 (a), when the signal 

power is 20 µW, the BER of CD is 0.009, while the BER of FR is 0.011. In addition, the 

simulation results of CD and FR mode show a similar result. This is because, in our 

experimental setup, the optical powers received by the SPAD receiver are quite low, and 

the data rate is set to be very low. As a result, the two major factors contributing to block 

time, optical power, and bit time interval, are extremely limited. As shown in Figure 4-4, 

ISI effects become prominent only under conditions of high optical power and a high dead 

time ratio. Therefore, the characteristics of CD mode in reducing ISI effects are not 

particularly evident at this point, which leads to the similar BER performance between CD 

mode and FR mode. 

 

(a) 

 
(b) 

Figure 5-9: (a) Experimental BER comparisons of free-running (FR) mode under variant signal power 
and background power with the data rate = 2 Mbps (16-SPAD array with 0.7 V VCON and on-off keying 

(OOK) modulation); (b) The experimental and simulation BER comparisons of the FR mode under 
variant data rate with signal power = 20 µW and background power = 1 µW (16-SPAD array with 0.7 V 

VCON and OOK modulation). 
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The testing results and the related simulation results of the TG receiver are presented 

in Figure 5-14 based on OOK modulation. In Figure 5-14 (a), the data rate of the OWC test 

platform is set to 2 Mbps with the background optical power is 1 µW, in Figure 5-14 (b), 

the signal power and the background optical power are 20 µW and 1 µW, respectively. 

Similar to the FR mode and CD mode. As signal power increases, the improvement in 

 
(a) 

 
(b) 

Figure 5-13: (a) Experimental BER comparisons of the clock-driven (CD) mode under variant signal 
power and background power with the data rate = 2 Mbps (16-SPAD array with 0.7 V VCON and on-off 

keying (OOK) modulation; (b) The experimental and simulation BER comparisons of the CD mode 
under variant data rate with signal power = 20 µW and background power = 1 µW (16-SPAD array with 

0.7 V VCON and OOK modulation). 
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SPAD performance is attributed to the higher signal power brings the higher likelihood of 

detecting more photons (Figure 5-14 (a)). As the data rate increases, the BER results exhibit 

a rising trend, which is due to the lower detection time reduces the average counted photons. 

By comparing the BER performance of TG mode with FR mode and CD mode under 

the same communication conditions, it is observed that the BER of TG mode is higher than 

that of FR mode and CD mode. This is because TG mode can only demonstrate its 

 
(a) 

 
(b) 

Figure 5-14: (a) Experimental BER comparisons of the time-gated (TG) mode under variant signal 
power and background power with the data rate = 2 Mbps (16-SPAD array with 0.7 V VCON and on-off 

keying (OOK) modulation; (b) The experimental and simulation BER comparisons of the TG mode 
under variant data rate with signal power = 20 µW and background power = 1 µW (16-SPAD array with 

0.7 V VCON and OOK modulation). 
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advantages under high data rate and high optical power conditions. For instance, as 

described in Chapter 4.2.3, under high data rate and high optical power conditions, FR 

mode suffers from severe ISI effects, while TG mode effectively reduces the impact of ISI 

on receiver performance. In contrast, under low data rate and low optical power conditions, 

the ISI effect on FR mode is minimal, and TG mode's performance is affected by the fewer 

effective SPAD pixels caused by the 4-channel detection mode. 

By comparing simulation and experimental results, we observed that in FR, CD, and 

TG modes, the simulation results have a better BER performance compared to the 

experimental results. This is because in our experiments, our SPAD receiver is affected by 

DCR and afterpulsing, which are not considered in our SPAD model. Under low optical 

power conditions, the impact of DCR and AP on the SPAD receiver system's performance 

is more significant. This is because the low optical power results in a lower number of 

detected photons by the SPAD, thus increasing the proportion of DCR and AP counts in 

the overall SPAD counts. 

5.5. Conclusions 

In this Chapter, a OWC platform is built for measuring the performances and functions 

of SPAD pixel and SPAD receivers in different modes. The DCRs and photon count rates 

of single SPAD pixel are measured. The DCR variation shows a function of the Vbias, and 

the output pulse width of the SPAD pixel is observed to have an increased trend with the 

higher VCON, that shows a correct function of the voltage-controlled hold-off time circuit. 

The reactions to modulated optical signals from single SPAD pixels and SPAD arrays are 

tested to show the SPAD pixels and SPAD arrays have an expected response.  

Subsequently, we conducted BER tests on FR mode receivers, CD mode receivers, and 

TG mode receivers under various modulation schemes and communication conditions. 

Comparing the experimental and simulation results, the trends of BER changing with 

varying optical power and varying background power are consistent in both simulation and 

experiments. Discrepancies between certain experimental and simulated data are observed, 
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primarily due to the presence of variables in the experiments that were not fully captured 

in the simulations, compounded by the inherent experimental uncertainties. 

 The experimental results confirm that our designed SPAD receiver functions properly 

and achieves good performance. By comparing simulation and experimental results, both 

exhibit consistent trends in BER variation with optical power and data rate changes. To 

further assess our designed SPAD receiver, we use the model into existing published work 

and compared the BER performance under the same communication conditions and same 

SPAD parameters (size and dead time). The performance comparisons with other SPAD-

based receivers are presented in the Table 5-2. In the simulation of CD, FR and TG modes, 

we maintained a background power at 5% of the signal power because this ratio is 

consistent with the maximum signal power to background power ratio mentioned in 

Chapter 5.4 and is widely used in the simulation of SPAD-based OWC systems [82]. A 

figure-of-merit (FoM) is designed with the parameters of data rate, size, signal power and 

BER. With the varied communication conditions and SPAD parameters, the proposed CD 

mode always achieve best performance in these comparisons due to its ability on reducing 

the ISI effect. Compared with other modes, the TG mode simulations exhibit higher BER, 

which is due to the large SPAD size brings a high photon detection ability in the FR mode 

and CD mode, however, the TG mode in this condition suffers from the low optical power 

and low data rate. In large size SPAD array, higher optical power and higher data rate are 

needed to make the TG mode achieve better performance than the FR mode. In small scale 

SPAD arrays, as shown in the comparisons with [118], the TG mode has a closer 

performance for the FR mode, as the data rate and optical powers are high to cause serious 

ISI effect in the FR mode. In the Table 5-2, through FoM comparisons, our design 

demonstrates ideal performance, and has a high sensitivity. Only -71 dBm signal power are 

required to achieve 3.3 × 1067 BER.  

To explore potential future applications, as shown in Table 5-3, we applied the three 

proposed SPAD modes to higher data rates using simulations. To maintain simulation 

consistency, we adjusted the background power to 5% of the signal power. The target BER 

was set to the FEC limit, a metric used to assess the SPAD's ultimate performance. The 
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results in terms of Figure-of-Merit (FoM) indicate that the CD mode achieved the highest 

FoM results. Although the TG mode exhibits the highest data rate, its FoM remains lower 

than that of the FR mode. This is attributed to the TG mode's requirement for very high 

optical power to operate the SPAD effectively. In fact, as analyzed in Chapter 4, the high 

data rate application limits the maximum data rate achievable by the FR mode. Figure 4-

13 demonstrates that with increasing signal power, the FR mode experiences greater ISI 

effects, which restrict its BER performance. 

In this work, our attention is focused on the performance comparison between time-

controlled modes (CD and TG) and FR mode receivers. As in the experiments to test the 

BER, we kept the input of background light throughout. Therefore, our BER performance 

will always be influenced by the background light and cannot reach its minimum value. In 

addition, due to limitations in experimental conditions and methods, we did not pursue 

testing at high data rates (the highest data rate was limited to only 10 Mbps). This is also a 

significant reason for the relatively small performance gap between FR mode and time-

controlled modes because SPADs are often not strongly affected by ISI at low data rates. 

Furthermore, by comparing the area between the optical power meter and the SPAD active 

area, we estimated that for CD and FR modes, the received signal power in the experiments 

ranged from 1.6 × 10-11 (signal power = 4 µW) to 8 × 10-11 (signal power = 20 µW). 

Meanwhile, for the TG mode receiver, the received signal power in the experiments also 

ranged from 4 × 10-12 (signal power = 1 µW) to 2 × 10-11 (signal power = 20 µW). 

Consequently, the optical intensity received by the SPAD array in the experiments was 

extremely limited. This limitation represents a significant factor hindering the proposed 

SPAD receiver from achieving a low BER. 
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Chapter 6 

Conclusions and Future Work 

6.1. Conclusion 

In this study, A SPAD receiver with three operation modes for optical wireless 

communication (OWC) are designed and tested. With the novel SPAD receiver that 

manufactured in standard CMOS processes, we propose two time-controlled modes to 

address the limitations of traditional SPAD receivers under conditions of low optical power 

and high data rate communication. The basic free-running (FR) mode SPAD receiver 

achieves low dead time with adjustable hold-off time. Based on the FR SPAD receiver, the 

clock-driven (CD) mode SPAD receiver and the time-gated (TG) SPAD receiver are 

designed to reduce the intersymbol interference (ISI) effect and improve the performance. 

To record and calculate the detected optical signal, a data process circuit is designed and 

composed of 4-bit counters and adder trees. An up-to-date model is built to simulate the 

designed 3 SPAD operation modes in OWC system, the ISI effect is added to the proposed 

OWC simulation model and linked with the optical power and communication data rate. To 

test the SPAD receiver, a OWC test platform is established with a LED transmitter. The BERs 

of SPAD receiver with 3 operation modes are measured with on-off keying (OOK) 

modulation. The test results show an expected circuits functions and 3 operation modes 

characteristics.  

In designing the SPAD front-end circuit, a mixed passive-active quench and reset 

structure is designed for fast quench and reset processes and achieves a minimum dead time 

of 2.6 ns. Incorporating a voltage-controlled delay and a Schmitt trigger, the circuit gains the 

capability of adjustable hold-off time and adjustable dead time. This enhancement 

significantly broadens the potential applications of the SPAD receiver.  By adjusting the hold-

off time, we can control the photon detection rate and afterpulsing rate of the SPAD, enabling 
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the proposed SPAD receiver to be applicable in applications that require high photon 

detection rates, such as OWC, or applications that demand low noise levels, such as medical 

imaging. By adding two more transistors in different connections, the CD mode and TG mode 

are introduced to the basic FR mode circuit and operated by the CD signal generation circuit 

and TG signal generation circuit, respectively. A forcible reset mechanism in the CD mode 

reset the SPAD at the beginning of every detection interval. In the TG mode receiver, SPAD 

array is separate to 4 sub-SPAD arrays and realise a continues loop detection. 

Four D-flip-flops (DFFs) are connected to count the outputs from single SPAD pixels 

and the Q terminal of every DFF forms a 4-bit binary outputs of every single SPAD pixel in 

one detection interval. The 4-bit binary outputs are added by adder tree that composed of 

full adders. The CD signal which is generated by the CD signal generation circuit is used 

to connect the reset terminals of every DFF and full adders to reset the data process circuit 

at the beginning of every bit interval. For a SPAD array, an 8-bit binary output is designed 

for expressing the detected photons of a SPAD array in every bit interval. 

A OWC model for simulating the proposed SPAD modes is presented in this study. 

The photon detection condition of SPAD can be derived through the Geiger-Muller detector 

mode, as the SPAD is a type of Geiger-mode photon detector, and the photon incidents 

follow the Poisson distribution. IThe OWC model calculates the photon count distribution 

probabilities of SPAD receivers in different communication conditions and derives the 

BERs. The ISI effect evaluation is added in this model by using the Monte-Carlo simulation, 

that makes the OWC model is more accurate. The 3 SPAD modes are simulated in the 

OWC model under different modulations, different signal powers, different background 

powers and different data rates. The results show that, compared with the FR mode SPAD 

receiver, the CD mode and the TG mode SPAD receiver improve the performance of the 

SPAD receiver. 

The proposed SPAD receiver is manufactured by the TSMC 65 nm process and tested 

by the OWC test platform. A printed circuit board is designed to connect the SPAD receiver 

and the OWC platform for better measuring. The dark count rate (DCR) of the SPAD pixel 

is measured for verifying the noise level and circuit function. By increasing the control 
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voltage (VCON), the output pulse width is increased and the photon count rate of the SPAD 

pixel is decreased due to the dead time increases with the VCON. The outputs of single SPAD 

pixel and SPAD array under the illumination of modulated optical signal are demonstrated 

to show the processes of detecting photons and data process. 

The proposed SPAD receiver are tested under the modulations of OOK. By analysing 

the BER test results, the CD mode SPAD receiver performs better in low data rate condition 

due to the reduction of ISI effect and the TG mode SPAD receiver achieves lower BERs in 

high data rate high optical power condition, because the continue detection mode reduces 

both the ISI effect and photon count ability. In the case of the FR mode, it excels 

particularly under conditions of low optical power and high data rate, thus achieving 

superior performance. In such circumstances, the TG mode may exhibit suboptimal 

performance due to its reduced photon detection capability, while the CD mode may 

encounter elevated errors attributed to a potentially high afterpulsing rate associated with 

the short bit interval due to high data rate.  

6.2. Future Work 

Based on the current study, future directions can be categorized into three aspects. First, 

the SPAD receiver proposed in this research holds potential for broader application in 

diverse OWC scenarios, such as other communication modulations or different timing 

control modes. Second, the research for programmable SPAD circuits is promising for 

advancing SPAD-based OWC applications. Third, the current SPAD-based OWC 

communication model has primarily considered the fundamental operation of SPAD, 

neglecting other SPAD parameters such as the DCR and AP. Therefore, a valuable research 

direction involves incorporating additional parameters into the SPAD communication 

model to enhance its accuracy and improving its performance. 

A. TG Mode Application 

In the design of TG mode SPAD receiver, we separate the SPAD array to 4 sub-SPAD 

arrays and a 4-stage continue detection mode is achieved for reducing the ISI effect. This 

fixed four-channel mode can restrict the applicability of the TG mode. For instance, at 
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lower data rates, the TG mode might suffer low performance issues due to a reduced 

number of effective SPAD pixels. Similarly, at higher data rates, specifically when Td 

exceeds four times TS, the TG mode can be susceptible to ISI effects. From the outset of 

our design, we recognized this concern and therefore incorporated an adaptive feature. In 

the complete functionality of our chip, the number of sub-SPAD arrays in the TG mode is 

not fixed at four; rather, it is adjustable. Through control, the TG mode can be configured 

into a single-channel mode (FR mode), a two-channel mode, a three-channel mode, or the 

original four-channel mode. This versatility in TG mode expands its range of applications, 

allowing for the selection of the optimal TG mode based on conditions such as low data 

rate and low optical power conditions. This is because reducing the number of channels in 

the TG mode can enhance the photon detection capability of the SPAD receiver, allowing 

it to perform better under low-light conditions. Moreover, in low data rate communication, 

a lower number of channels can help mitigate the ISI effect. Compared to a fixed 4-channel 

TG mode, this design offers higher photon detection capability, thus improving the 

performance of the TG mode in low data rate communication. In fact, in larger-scale SPAD 

arrays, the TG mode could offer even more channel settings to meet diverse OWC 

requirements. For example, If the minimum value for a channel is four SPADs, then a 16-

SPAD array can only support a maximum of 4-channel mode. In this mode, for the SPAD 

receiver to be unaffected by ISI, the shortest bit interval is approximately equal to one-

fourth of the dead time. However, a 64-SPAD array can achieve a 16-channel mode 

operation. In other words, assuming each SPAD's performance remains constant, for a 64-

SPAD array, the shortest bit interval, without being affected by ISI, can be as short as one-

sixteenth of the dead time. This represents one of the potential expansion applications for 

the future, building upon the foundation of this study. 

B. Programmable SPAD Circuits 

In Section II, we highlighted the interdependence of SPAD parameters in OWC 

applications. Through circuit control, we can strike a balance between these parameters in 

various application scenarios to achieve optimal values that maximize the performance of 

the SPAD receiver. In future research, the emphasis can be placed on the circuit 
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programmability, enabling the adjustment of SPAD parameters through the design of more 

versatile control circuits [119]–[121]. For example, in the conditions of high optical power 

levels, SPADs often achieve high photon detection rates without requiring a very high PDP. 

Therefore, reducing excess voltage can lower the noise of SPAD while maintaining a high 

photon detection rate, leading to optimal performance. Consequently, future circuit designs 

can follow this concept to achieve controllable excess voltage, ensuring it can be adjusted 

to the optimal value under any optical conditions. In the current design, once VHV is 

determined, we are unable to adjust the excess voltage through the circuit. In addition, the 

voltage control circuit for hold-off time is relatively simple. The issue is we cannot 

accurately control the hold-off time. However, in low data rate communication, we can 

increase the hold-off time to reduce the afterpulsing rate, thus optimizing the performance 

of the SPAD receiver. These aspects present opportunities for optimization. In future 

designs, precise control of excess voltage and dead time through digitized inputs can 

optimize SPAD performance and broaden the application scenarios for SPAD receivers. 

In addition to controlling SPAD parameters, the application of programmable circuits 

extends further to enhance the functionalities of SPAD receivers. In the design presented 

in this thesis, the TG mode and CD mode are applied to two separate SPAD arrays and 

cannot be switched due to different front-end circuits. In future designs, more intricate 

front-end circuits could be devised to integrate TG mode and CD mode into a single SPAD 

array, thus saving chip space. Furthermore, aside from these two time-controlled modes, 

other SPAD operating modes such as Event-driven (ED) mode could also be considered 

for application in SPAD-based OWC systems. 

C. SPAD-based OWC model 

The SPAD-based OWC model we are currently using is built upon the Geiger mode 

photon detector, which leads to certain SPAD parameters not being incorporated into our 

model, such as DCR and AP. This is also a primary reason for the discrepancies observed 

between our experimental and simulated results. In future model designs, it is imperative 

to include these SPAD parameters as input conditions for more accurate outcomes. This is 

because noise can affect the signal-to-noise ratio (SNR) of the communication system and  
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 reduce the performance of SPAD receivers. For instance, as depicted in the Figure 6-1, 

while keeping other conditions constant, DCR can significantly influence BER, causing an 

increase in BER with higher DCR. The various SPAD parameters, as the simulation 

conditions, are summarized in the Table 6-1. 

The depiction in the Figure 6-1 simply illustrates the exponential increase in DCR and 

the subsequent observation of BER variations. In future model designs, the real challenge 

lies in establishing interdependencies between different parameters, thereby capturing the 

intricate relationships between them within the model. For example, we can establish a 

relationship between excess voltage, PDP, and DCR using the SPAD model, and apply this 

relationship to the OWC model, making the model more closely resemble the actual 

performance of the SPAD receiver. 
Table 6-1: Simulation parameters of the Figure 1-6. 

Communication Parameters Values 

SPAD Circuit FR mode 

SPAD Number 128 

 
Figure 6-1: The BER variation with the increased dark count rate (DCR) of a SPAD array. 
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PDP 0.38 

Bit Interval 200 ns 

Dead Time 150 ns 

Signal Optical Power 0.3 nW 

Background Optical Power 0.1 nW 
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Appendix A 
PCB Schematic Design 
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MATLAB Code 
OOK Modulation 
 
N = ; % number of SPAD Pixel 
Td = ; % Dead time value 
Ts = ;% bit interval value 
PR = ; 
Pb = 0; 
PDE = ; % 
 
h = ;v =;% constant 
BER_Final = []; 
 
for  PR =  
%     Ts = 1./(DR.*1024.*1024); 
 
lambda_0 = (PDE.*Pb)./(N.*h.*v); 
lambda_1 = (PDE.*(PR+Pb))./(N.*h.*v); 
BER_I = inline('(U1-U0)./((sqrt(Sigma1) + sqrt(Sigma0)))','U1','U0','Sigma1','Sigma0'); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
Sigma_ISI = []; 
Mu_ISI = []; 
Sigma_ISI1 = [];% summation of total SPAD's variance 
Sigma_ISI0 = []; 
Mu_ISI1 = []; 
Mu_ISI0 = []; 
BER_Seg = []; 
BER0 = []; 
BER1 = []; 
Sigma = []; 
Mu = []; 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
TB0 =[]; 
Mu_loop1 = []; 
Sigma_loop1 = []; 
for loop1 = 0:1:1 
    if loop1 == 0 
        lambda = lambda_0; 
    else 
        lambda = lambda_1; 
    end 
   
Kmax =(floor(Ts./Td) + 1); 
lambdak = inline('lambda.*(T-(k.*t))','lambda','T','k','t'); 
psai = inline('((u.^i).*exp(-u))./factorial(i)','u','i'); 
y1_m = []; 
for k = 0:1:(Kmax - 1) 
lambdak1_1 = lambdak(lambda,Ts,k,Td); 
y1 = []; 
   for i = 0:1:k 
     psai1_1 = psai(lambdak1_1,i); 
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    for a = 1:length(psai1_1) 
        y1 = [y1,psai1_1(a)]; 
    end 
   end 
   y1_m = [y1_m,y1]; 
end 
c = sum(y1_m); 
Uk = Kmax - c; 
y1_s = []; 
for k = 0:1:(Kmax - 1) 
lambdak1_2 = lambdak(lambda,Ts,k,Td); 
y2 = []; 
   for i = 0:1:k 
     psai1_2 = psai(lambdak1_2,i); 
     p = psai1_2.*((2.*Kmax) - (2.*k) - 1);   
    for b = 1:length(p) 
    y2 = [y2,p(b)]; 
    end 
   end 
   y1_s = [y1_s,y2]; 
end 
d = sum(y1_s); 
Sigma = d - (c.^2); 
Mu_loop1 = [Mu_loop1,Uk]; 
Sigma_loop1 = [Sigma_loop1,Sigma]; 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
TB = []; %block times of all SPAD pixels   
for m = 1:1:N % N SPAD pixels are independent  
     f = [];% all values from Monte Carlo Simulations 
  for j = 1:1:1000 % the number of Monte Carlo Simulations 
e = ceil(normrnd(Uk,Sigma,1,1));  
%Generate random numbers that conform to normal distribution, and results 
%are integers 
    if e >= 0 && e <= Kmax 
     Tb = max (Td - (rand.*(Ts - ((e-1).*Td))),0); 
    f = [f Tb]; 
    else 
    end 
  end 
  M = mean(f); 
TB = [TB M] 
end 
    if loop1 == 0 
        TB0 = TB 
    else 
        TB1 = TB; 
    end 
end 
 %%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 for loopbit = 0:1:1 
     if loopbit == 0; 
         TB2bit = TB0; 
     else 
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         TB2bit = TB1; 
     end 
 for loop2 =0:1:1 
     if loop2 == 0 
         lambda = lambda_0; 
     else 
         lambda = lambda_1; 
     end 
    Sigma_2 = []; 
Uk_2 = []; 
for o = 1:1:N 
    y1_m2 = []; 
    TB2 = TB2bit(1,o); 
% TB2_0 = TB0(1,o); 
% TB2_1 = TB1(1,o); 
% TB2 = (TB2_0 + TB2_1)./2; 
Ts2 = Ts - TB2; 
Kmax2 =(floor(Ts2./Td) + 1); 
for k2 = 0:1:(Kmax2 - 1) 
lambdak1_12 = lambdak(lambda,Ts2,k2,Td); 
y12 = []; 
   for i2 = 0:1:k2 
     psai1_12 = psai(lambdak1_12,i2); 
    for a = 1:length(psai1_12) 
        y12 = [y12,psai1_12(a)]; 
    end 
   end 
   y1_m2 = [y1_m2,y12]; 
end 
c2 = sum(y1_m2); 
Uk2 = Kmax2 - c2; 
Uk_2 = [Uk_2,Uk2]; 
y1_s2 = []; 
for k2 = 0:1:(Kmax2 - 1) 
lambdak1_22 = lambdak(lambda,Ts2,k2,Td); 
y22 = []; 
   for i2 = 0:1:k2 
     psai1_22 = psai(lambdak1_22,i2); 
     p2 = psai1_22.*((2.*Kmax2) - (2.*k2) - 1);   
    for b2 = 1:length(p2) 
    y22 = [y22,p2(b2)]; 
    end 
 
   end 
   y1_s2 = [y1_s2,y22]; 
end 
d2 = sum(y1_s2); 
Sigma2 = d2 - (c2.^2); 
Sigma_2 = [Sigma_2,Sigma2]; 
end 
Sigma_f = sum(Sigma_2); 
Uk_f = sum(Uk_2); 
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% Sigma_ISI = [Sigma_ISI,Sigma_f]; 
% Mu_ISI = [Mu_ISI,Uk_f]; 
 
if loop2 == 0 
        Sigma_ISI0 = Sigma_f; 
        Mu_ISI0 = Uk_f; 
    else 
      Sigma_ISI1 = Sigma_f; 
      Mu_ISI1 = Uk_f; 
       
end 
Sigma = [Sigma,Sigma_ISI1]; 
      Mu = [Mu,Mu_ISI1]; 
SNR = BER_I(Mu_ISI1,Mu_ISI0,Sigma_ISI1,Sigma_ISI0); 
BER = qfunc(SNR); 
 
 if loopbit == 0 
         BER0 = BER; 
     else 
         BER1 = BER; 
     end 
 end 
 end 
% pdf_normal4 = pdf('Normal',1:1:Kmax.*N,Uk_f,Sigma_f); 
% plot(1:1:Kmax.*N,pdf_normal4,'LineWidth',2);hold on; 
 BER_Final = [BER_Final,(plus(BER0,BER1)./2)]; 
% pdf_normal0 = pdf('Normal',1:1:Kmax.*N,Mu_ISI0,Sigma_ISI0); 
pdf_normal1 = pdf('Normal',1:1:Kmax.*N,Mu_ISI1,Sigma_ISI1); 
plot(1:1:Kmax.*N,pdf_normal1,'LineWidth',1);hold on; 
% plot(1:1:Kmax.*N,pdf_normal1,'LineWidth',1);hold on; 
% plot(Sigma_ISI);hold on; 
% plot(Mu_ISI1);hold on; 
% plot(Mu_ISI0);hold on; 
end 
 

PPM Modulation 
N =; % number of SPAD Pixel 
Td =; % Dead time value 
% Ts =;% bit interval value 
PR =; 
Pb = ; 
PDE =; % 
h = ;v = ;% constant 
BER1 = []; 
bit_N = 100000; 
bit = round(rand(1,bit_N)*3); 
 
for Ts = 15.*10^-9:5.*10^-9:35.*10^-9 
 k1 = [];  k2 = [];  k3 = [];  k4 = [];  
 N_bit = 1;Tb1 = 0;error_bit = 0; 
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for N = 1:1:16 
for PPM_a = bit 
y1_m = [];y1_m2 = [];y1_m3 = [];y1_m4 = []; 
 
  lambda_0 = (PDE.*Pb)./(N.*h.*v); 
  lambda_1 = (PDE.*(PR+Pb))./(N.*h.*v); 
 
  lambdak = inline('lambda.*(T-(k.*t))','lambda','T','k','t'); 
  psai = inline('((u.^i).*exp(-u))./factorial(i)','u','i'); 
 
  
    if PPM_a == 0; 
      lambda1 = lambda_1; 
    else 
      lambda1 = lambda_0; 
    end 
 
    if PPM_a == 1; 
      lambda2 = lambda_1; 
    else 
      lambda2 = lambda_0; 
    end 
 
    if PPM_a == 2; 
      lambda3 = lambda_1; 
    else 
      lambda3 = lambda_0; 
    end 
 
    if PPM_a == 3; 
      lambda4 = lambda_1; 
    else 
      lambda4 = lambda_0; 
    end 
     
%%%%%%%%% slot  
Ts1 = Ts; 
  Kmax1 =(floor(Ts1./Td) + 1); 
 for k = 0:1:(Kmax1 - 1) 
       lambdak1_1 = lambdak(lambda1,Ts1,k,Td); 
        y1 = []; 
   for i = 0:1:k 
     psai1_1 = psai(lambdak1_1,i); 
    for a = 1:length(psai1_1) 
        y1 = [y1,psai1_1(a)]; 
    end 
   end 
   y1_m = [y1_m,y1]; 
end 
c = sum(y1_m); 
Uk = Kmax1 - c; 
y1_s = []; 
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for k = 0:1:(Kmax1 - 1) 
lambdak1_2 = lambdak(lambda1,Ts1,k,Td); 
y2 = []; 
   for i = 0:1:k 
     psai1_2 = psai(lambdak1_2,i); 
     p = psai1_2.*((2.*Kmax1) - (2.*k) - 1);   
    for b = 1:length(p) 
    y2 = [y2,p(b)]; 
    end 
   end 
   y1_s = [y1_s,y2]; 
end 
d = sum(y1_s); 
Sigma = d - (c.^2); 
 
 
    %%block time%% 
    
e1 = ceil(normrnd(Uk,Sigma,1,1));  
 
  %%%%%%%%%%%%%%% slot 2 %%%%%%%%%%%%%%%%%%% 
 
Ts2 = Ts; 
  Kmax2 =(floor(Ts2./Td) + 1); 
 for k = 0:1:(Kmax2 - 1) 
       lambdak1_1 = lambdak(lambda2,Ts2,k,Td); 
        y12 = []; 
   for i = 0:1:k 
     psai1_1 = psai(lambdak1_1,i); 
    for a = 1:length(psai1_1) 
        y12 = [y12,psai1_1(a)]; 
    end 
   end 
   y1_m2 = [y1_m2,y12]; 
end 
c = sum(y1_m2); 
Uk = Kmax2 - c; 
y1_s2 = []; 
 
for k = 0:1:(Kmax2 - 1) 
lambdak1_2 = lambdak(lambda2,Ts2,k,Td); 
y22 = []; 
   for i = 0:1:k 
     psai1_2 = psai(lambdak1_2,i); 
     p = psai1_2.*((2.*Kmax2) - (2.*k) - 1);   
    for b = 1:length(p) 
    y22 = [y22,p(b)]; 
    end 
   end 
   y1_s2 = [y1_s2,y22]; 
end 
d = sum(y1_s2); 
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Sigma = d - (c.^2); 
  
 
    %%block time%% 
 
e2 = ceil(normrnd(Uk,Sigma,1,1));  
 %%%%%%%%%%%%%%%%%%%%% slot 3 
 Ts3 = Ts; 
  Kmax3 =(floor(Ts3./Td) + 1); 
 for k = 0:1:(Kmax3 - 1) 
       lambdak1_1 = lambdak(lambda3,Ts3,k,Td); 
        y13 = []; 
   for i = 0:1:k 
     psai1_1 = psai(lambdak1_1,i); 
    for a = 1:length(psai1_1) 
        y13 = [y13,psai1_1(a)]; 
    end 
   end 
   y1_m3 = [y1_m3,y13]; 
end 
c = sum(y1_m3); 
Uk = Kmax3 - c; 
y1_s3 = []; 
 
for k = 0:1:(Kmax3 - 1) 
lambdak1_2 = lambdak(lambda3,Ts3,k,Td); 
y23 = []; 
   for i = 0:1:k 
     psai1_2 = psai(lambdak1_2,i); 
     p = psai1_2.*((2.*Kmax3) - (2.*k) - 1);   
    for b = 1:length(p) 
    y23 = [y23,p(b)]; 
    end 
   end 
   y1_s3 = [y1_s3,y23]; 
end 
d = sum(y1_s3); 
Sigma = d - (c.^2); 
    %%block time%% 
e3 = ceil(normrnd(Uk,Sigma,1,1));  
%%%%%%%%%%%%% slot 4  
  Kmax4 =(floor(Ts4./Td) + 1); 
 for k = 0:1:(Kmax4 - 1) 
       lambdak1_1 = lambdak(lambda4,Ts4,k,Td); 
        y14 = []; 
   for i = 0:1:k 
     psai1_1 = psai(lambdak1_1,i); 
    for a = 1:length(psai1_1) 
        y14 = [y14,psai1_1(a)]; 
    end 
   end 
   y1_m4 = [y1_m4,y14]; 
end 
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c = sum(y1_m4); 
Uk = Kmax4 - c; 
y1_s4 = []; 
for k = 0:1:(Kmax4 - 1) 
lambdak1_2 = lambdak(lambda4,Ts4,k,Td); 
y24 = []; 
   for i = 0:1:k 
     psai1_2 = psai(lambdak1_2,i); 
     p = psai1_2.*((2.*Kmax4) - (2.*k) - 1);   
    for b = 1:length(p) 
    y24 = [y24,p(b)]; 
    end 
   end 
   y1_s4 = [y1_s4,y24]; 
end 
d = sum(y1_s4); 
Sigma = d - (c.^2); 
    %%block time%% 
e4 = ceil(normrnd(Uk,Sigma,1,1));  
 k1 = [k1,e1]; k2 = [k2,e2]; k3 = [k3,e3]; k4 = [k4,e4]; 
end 
end 
ks1_M = sum(reshape(k1,bit_N,N),2); 
ks2_M = sum(reshape(k2,bit_N,N),2); 
ks3_M = sum(reshape(k3,bit_N,N),2); 
ks4_M = sum(reshape(k4,bit_N,N),2); 
 
for PPM_a = bit 
 
ks1 = ks1_M(N_bit,1); 
ks2 = ks2_M(N_bit,1); 
ks3 = ks3_M(N_bit,1); 
ks4 = ks4_M(N_bit,1); 
  if PPM_a == 0 
      if ks1 > ks2 && ks1 > ks3 && ks1 > ks4 
      else 
          error_bit = error_bit +1; 
      end 
  end 
 
  if PPM_a == 1 
     if ks2 > ks1 && ks2 > ks3 && ks2 > ks4 
      else 
          error_bit = error_bit +1; 
      end 
  end 
 
  if PPM_a == 2 
        if ks3 > ks1 && ks3 > ks2 && ks3 > ks4 
      else 
          error_bit = error_bit +1; 
        end 
  end 
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  if PPM_a == 3 
         if ks4 > ks1 && ks4 > ks2 && ks4 > ks3 
      else 
          error_bit = error_bit +1; 
      end 
  end 
N_bit = N_bit + 1; 
end 
BER2 = [BER2,(error_bit ./ bit_N)]; 
end 
semilogy(15:5:35,BER2);hold on 
 

Verilog Code 
module prbs_generator(clk, rst, random_bit);  

    input clk, rst; 

    output reg random_bit; 

    reg [7:0] lfsr; 

    always @(posedge clk or posedge rst) begin 

        if (rst) begin 

            lfsr <= 8'hFF; // reset the LFSR to all 1's 

            random_bit <= 0; 

        end else begin 

            lfsr <= {lfsr[6:0], lfsr[7] ^ lfsr[6]}; // LFSR feedback tap 

            random_bit <= lfsr[0]; 

        end 

    end 

endmodule  

 


