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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 per-
formance. In this paper, we propose two novel SPAD operation
modes to reduce the ISI effect in SPAD-based OWC. To validate
the feasibility of these two modes, we designed a free-running SPAD
front-end circuit with post-layout transient simulation results and
some measurements to show its function and performance. 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. To accurately evaluate these
three modes, we develop a new simulation system to assess the ISI
effect in On-Off Keying (OOK) modulated communication. The
simulation 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, com-
pared 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.

Index Terms—Single-photon avalanche diode (SPAD), optical
wireless communication (OWC), intersymbol interference (ISI),
on-off keying (OOK), bit error rate (BER).

I. INTRODUCTION

W ITH the development of optical wireless communication
(OWC), high-speed transmission, high stability and low

power consumption have become important research topics.
Single-photon avalanche diode (SPAD) has attracted consider-
able interests as the receiver in OWC systems due to its high
sensitivity and accurate timing resolution [1]. For example, a
SPAD-based receiver achieved 117 m transmission distance and
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2 Mbps data rate communication in an underwater OWC appli-
cation [2]. A 64 × 64 SPAD receiver manufactured in comple-
mentary metal-oxide semiconductor (CMOS) technology was
used in an OWC system for 500 Mb/s data rate transmission
with only−46.1 dBm received optical power [3]. 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 [4], [5].

A SPAD is a p-n junction with a reverse bias above its break-
down voltage, thus generating a large electric field across the
depletion region [6]. In such a high electric field, self-sustained
avalanche can be triggered by even a single carrier (photon or
dark noise) [7]. For each avalanching event, the SPAD needs
time for quenching and resetting to complete the full detecting
cycle, which is called the dead time [8]. During the dead time,
the SPAD cannot respond to other incident photons. SPADs
with active quench and reset (AQR) circuit have a hold-off time
between the quench and reset process to reduce the secondary
dark counts, which is also called afterpulsing effect [9]. By
varying the hold-off time, one can adjust the duration of the
dead time. [7]. In a SPAD-based optical receiver, dead time
determines its operating frequency, thus having a great impact
on its bit error rate (BER) performance [10].

SPAD pixels can be reset or disabled periodically by a clock,
which is called a clock-driven (CD) SPAD. In a SPAD with the
AQR circuit, the active quench and active reset can be controlled
to implement the quench and reset processes, respectively. With
the support of CD mode, SPAD pixels can respond to periodic
photon events and keep inactive for noise photons. In the recent
publications, the CD mode SPAD was used in image sensor
and image scanning microscopy applications, showing higher
counting efficiency and higher linearity [11], [12]. Currently,
there are very few applications in CD mode SPAD-based OWC
receiver. The time-gated (TG) mode of SPAD operation can
be achieved through selectively adjusting the biasing voltage
to exceed or fall below the SPAD breakdown voltage within
designated time intervals [13], [14]. Our proposal to use the TG
mode to improve the performance of SPAD-based OWC systems
was presented in [15]. The gating signals turn the SPADs on and
off regularly in each bit interval, which means that the SPADs
can only detect photons in the gate-ON time and are inactive
in gate-OFF time slot. Inter-symbol interference (ISI) can be
mitigated by the gating signals because SPAD has no response
to incident photons during gate-OFF, thus reducing the photon
counting rate and alleviating the ISI effect caused by the dead
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Fig. 1. Schematic of the front-end SPAD circuit.

time [15]. Another research challenge in a TG SPAD receiver is
to reduce ISI effects by adjusting the gate-ON slot to an optimal
value in AQR SPADs [16].

In this paper, we designed two types of SPAD-based receivers,
and developed a communication model to verify the functions
of the two receivers. To the best of our knowledge, the CD
SPAD is used in the OWC field for the first time in this work.
A new model based on Monte Carlo simulation is first designed
to evaluate the block time and present the relationship between
optical power and the ISI effect. The simulation results show
that, compared with the traditional free-running (FR) SPAD
receiver, our proposed CD and TG receiver can effectively
improve the performance of the SPAD-based OWC system.
The basic front-end circuit with very low dead time and two
derived novel CD and TG operation modes are introduced in
Section II. The photon counting analysis of FR SPAD receiver,
CD-mode SPAD and TG-mode SPAD receivers are presented in
Section III. The BER evaluation is simulated and demonstrated
in Section IV. Finally, the conclusions are provided in Section V.

II. SPAD FRONT-END CIRCUITS

In this section, a SPAD front-end circuit is designed in a
65 nm standard CMOS technology and some measured results
are presented. The CD mode and TG mode SPAD circuits are
derived from the basic FR circuits. These circuits with time-
controlled functions 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 gener-
ation circuits. Post-layout transition simulations demonstrate
that implementing the two modes (CD mode and TG mode)
can significantly reduce the block time in the SPAD receiver
compared to the FR mode.

A. Basic Front-End Circuit for SPAD

The schematic of the basic front-end circuit is shown in
Fig. 1, and two post-layout simulation results under two control
voltages (VCON) are shown in Fig. 2. The SPAD model in the
simulation comes from our previous work [8]. Initially, the cath-
ode voltage of the SPAD VC is at 1 V and the anode is connected

Fig. 2. Post-layout transient simulation results for the SPAD circuit.

to -VHV to bias the SPAD above the breakdown voltage. 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 τ , 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 is 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 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 τ 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 τ and terminates the
reset process. Then, the SPAD pixel is ready to detect the next
photon. The time τ here is designed to be 0.8 ns, thus having
enough time for the reset process and the hold-off process. One
buffer is connected to node A to generate the output pulse VOUT.
The controlled delay element consists of a voltage-controlled
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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 no effect
on other processes. The delay duration of the controlled delay
element increases with the increasement of VCON.

As shown in Fig. 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 [10]. In contrast, a long dead time
will cause the ISI effect and disturb the photon counting process
in an OWC system [17]. 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) [18], [19], [20]. To achieve a short
dead time, we need to reduce the hold-off time. However, a
lower hold-off time may cause a higher afterpulsing probability
[21], [22], which decreases 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.

B. Clock-Driven Mode of SPAD Circuit

In the CD mode SPAD receiver, a new reset mechanism is
designed to reset the SPAD by both the CD signal and the AQR
circuit. Fig. 3 shows the schematic of the CD signal generation
circuit, CD mode front-end circuit and the layout. The post-
layout transient simulation results of these circuits are shown
in Fig. 4. In Fig. 3(a), the CD signal generation circuit consists
of one NAND gate, one inverter and one fixed delay element
which has a same delay time with the fixed delay element τ in
the basic front-end circuit as shown in Fig. 1. 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 [23]. 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 Fig. 4. The length of the
CD signal pulse is determined by the fixed delay element τ to
ensure enough reset time for the SPAD pixel.

In Fig. 3(b), 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.

The post-layout transient simulation results of the CD-mode
SPAD pixel are shown in Fig. 4. 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 dark count rate (DCR) and

Fig. 3. (a) Schematic of the clock-driven (CD) signal generation circuit. (b)
Schematic of the front-end circuit in the clock-driven (CD) mode. (c) Layout of
the clock-driven (CD) mode circuit in a standard 65 nm CMOS process.

Fig. 4. 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.

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
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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 Fig. 4, FR mode has
a fixed dead time. However, in the CD 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 Fig. 4. Another advantage of using the CD mode is
the reduction of ISI effect since the dead time does not extend
to the next bit. As shown in the Fig. 4, 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, the afterpulsing rate may increase
because of the CD-mode operation resets the SPAD pixels at a
high frequency, leading the average hold-off time to be low in
the high data rate condition. This is due to that a short hold-off
time can strongly increase the afterpulsing rate.

C. Time-Gated Mode of SPAD Circuit

The time-gated mode SPAD is designed for the high data rate
communications, where the bit interval is shorter than the dead
time. Fig. 5 shows the schematics of the TG signal generation
circuit, the TG mode front-end circuit and the layout. As shown
in Fig. 5(a), the TG signal generation circuit is made of three D
flip-flops, four 3-inputs OR gates, several inverters and buffers.
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 64 SPAD pixels and
every sub-SPAD array has 16 SPAD pixels. The schematic of
the TG mode front-end circuit is shown in Fig. 5(b). 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.

In this TG mode, 4 TG signals continuously operate four
sub-SPAD arrays and one TG signal only operates one specific
sub-SPAD array. Fig. 6 shows the 4 TG signals generated in
sequence and form a cycle and the length of gate-on intervals

Fig. 5. (a) Schematic of the time-gated signal generation circuit. (b) Schematic
of the front-end circuit in the time-gated mode. (c) The layout design of the
time-gated (TG) mode circuit.
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Fig. 6. Post-layout transient simulation results for the time-gated (TG) signal
generation circuit.

from TG signals (low voltage level) is as same as the bit
interval. One detection cycle contains four sub-SPAD arrays
being enabled cyclically by four TG signals. 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
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, leading to the ISI effect
in this sub-SPAD array.

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 Fig. 7, where
the four SPAD pixels operate as four sub-SPAD arrays enabled
cyclically by four TG circuits. Compared to the FR mode, the TG
mode receiver detects 4 photons over the 4-bit intervals, 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 to 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 perform 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 [11],

Fig. 7. Post-layout transient simulation results for the time-gated (TG) mode
SPAD front-end circuit and free-running (FR) mode SPAD front-end circuit.

the SPAD is forced off through gate-off signals, 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’s performance.

D. Circuit Test

To measure functions of the circuits, the proposed SPAD
front-end circuits are fabricated in the standard TSMC 65 nm
process. The measurement setup is shown in Fig. 8. A printed
circuit board (PCB) was designed to offer the interfaces for
the power supplies, input clock signals and SPAD outputs. An
Agilent E3646A DC power supply was used to provides the
necessary voltage supplies for the measurement. A LED with a
wavelength of 430 nm is operated by a Hewlett Packard 3325B
function generator to provide the light source. When the clock
is at high level of 3.3 V, the LED is on and illuminates the SPAD
pixel. When a low level of 0 V is applied, the LED will be off.
To validate the basic function of the SPAD pixel, we biased the
SPAD at 10.35 V, adjusted VCON to be 0.7 V, configured the
SPAD in the FR mode, and set the LED-driven clock to be 200
kHz. In this measurement condition, when the clock is at a high
level, the SPAD pixel is illuminated, resulting in a significant
number of output pulses. However, when the clock is at a lower
level, the LED is off and only a few numbers of pulses can be



7304113 IEEE PHOTONICS JOURNAL, VOL. 15, NO. 5, OCTOBER 2023

Fig. 8. Diagram of the experimental setup for SPAD circuit measurement.

Fig. 9. Dark count rate of proposed SPAD receiver under different bias voltage.

observed. Those pulses are mainly due to the background noise
and dark noise. As shown in Fig. 8, the waveform of the SPAD
pixel output indicates that the circuit functioned correctly.

In addition, we measured two other key performances of the
SPAD pixel: DCR and photon count rate. In the DCR measure-
ment, we shielded the SPAD receiver with a metal sheet cover
and conducted measurements in a dark room to ensure a dark
environment. 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. The Fig. 9 illustrates the DCR results when
varying the bias voltage. As shown in Fig. 9, the DCR gradually
increased from 5.9 × 103 Counts/s to 5.8 × 104 Counts/s when
the bias voltages changed from 10.15 V to 10.55 V.

The dead time of SPAD significantly affects its photon count
rate. As described in the Section II-A, the dead time of proposed
SPAD is controlled by the VCON and increases with the higher
control voltage settings. In the photon count rate measurement,
the clock in Fig. 8 was replaced by a constant voltage (3.3 V).

Fig. 10. The photon count rate of designed SPAD receiver under different
control voltage (VCON).

Fig. 11. Diagram of block time generation process.

That is, the LED provided a continuous and constant light source
for the SPAD pixel. The VCON is varied from 0.2 V to 1 V with
a step size of 0.2 V. The related photon count rates at each VCON

were measured. As shown in Fig. 10, the photon counting rates
of the SPAD decreases with the increase of the control voltage
with the same optical power level of the LED light source. This
is because the higher control voltage leads to an increased dead
time, reducing the effective detection time of the SPAD and the
probability of photon detection [5].

III. PHOTON COUNTING ANALYSIS OF SPAD RECEIVERS

A. Analysis and Simulations of the Block Time

As mentioned in Sections II-B and C, the dead time of SPAD
may cause ISI effect in the FR mode, thus degrading the receiver
performance. Fig. 11 demonstrates the block time generation
process. TS is the bit interval; Td is the dead time and 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 of how the block
time is generated [24]. 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 [25]. As a result,
the block time of every SPAD pixel in each bit of the OWC
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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
Fig. 11, the last detected 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.

For the first step of the block time simulation, the photon
counting probability in the first bit (no ISI effect) is needed to
analyze the number of detected photons in the 1st bit, which can
be expressed as [25], [26]:

pK(k) =

⎧⎨
⎩
∑k

i=0 ψ (i, λk)−
∑k−1

i=0 ψ (i, λk−1) k < kmax

1−∑k−1
i=0 ψ (i, λk−1) k = kmax

0 k > kmax

(1a)

kmax =
Ts
Td

+ 1 (1b)

L =
PDE × PO

Nhf0
(1c)

where the function ψ(i, λ) is defined as ψ(i, λ) = λi e−λ/i!,
and λk = L(TS − kTd); k is the number of detected photons,
kmax is the maximum value of k and L is the average photon
detection rate (photons/s). PO is the received optical power, N
is the number of SPAD pixels in a SPAD array, PDE is the
photon detection efficiency, h is the Planck constant and fo is
the frequency of the incident photons. For the consistency of
the simulation results, we refer to our previous research [15]
and set N to be 64, Td to be 10 ns, PDE to be 38%, and f0 to
be 7.138× 1014 Hz (wavelength = 420 nm) in all the following
simulations (Figs. 12 to 20). The mean and variance of the photon
counting probability distribution for the first bit are [25]:

μk = kmax −
kmax−1∑
k = 0

k∑
i = 0

ψ (i, λk−1) (2a)

σ2
k =

kmax−1∑
k=0

k∑
i=0

(2kmax − 2k − 1)ψ (i, λk−1)

−
kmax−1∑
k = 0

k∑
i = 0

ψ (i, λk−1) (2b)

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
FR mode SPAD receiver suffers from the short the second bit,
which can be expressed as:

Tb = max {Td − rand (0, 1)× [Ts − (k − 1)Td] , 0} (3)

Although the probability of the total number of detected pho-
tons k can be calculated, the detection time of each photon is still
random. The term rand(0, 1)× [Ts − (k − 1)]Td represents the
detected time of the last detected photon in the first bit interval.

Fig. 12. (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.

The average block time can be calculated after 106 times simula-
tions to ensure the accuracy. The results are shown in Fig. 12. The
dead time ratio is defined asTd/Ts, which is a parameter to show
the dead time effect in a OWC system. The effective detection
time ratio is defined as (Ts − Tb)/Ts, serves as a parameter to
quantify the impact of ISI, with a lower effective detection time
ratio indicating a more pronounced ISI effect. In Fig. 12(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 Fig. 12(b). This is because
that a higher chance for photons 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 (2) and (3), the
mean and variance of photon counting probability distribution
in a free-running SPAD array can be written as:

μkf =
N∑
j=1

⎡
⎣kmaxj −

kmaxj−1∑
k=0

k∑
i=0

ψ
(
i, λ(k−1)j

)
⎤
⎦ (4a)

σ2
kf =

N∑
j=1

⎡
⎣kmaxj−1∑

k=0

k∑
i=0

(2kmaxj − 2k − 1)ψ
(
i, λ(k−1)j

)

−
kmaxj−1∑

k=0

k∑
i=0

ψ
(
i, λ(k−1)j

)
⎤
⎦ (4b)

kmaxj = (Ts − Tbj) /Td + 1 (4c)

λkj = L (Ts − Tbj − kTd) (4d)

where kmaxj is the maximum number of the counted photons for
the jth SPAD pixel and Tbj is the block time of the jth SPAD
pixel, the μkf and σ2

kf are the summation of all the counting
means and counting variances from the single SPAD pixel in a
SPAD array.
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Fig. 13. 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).

Fig. 14. 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).

B. Clock-Driven Mode Receiver

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
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 un-
modulated signals can be observed in Figs. 13 and 14. In Fig. 13,
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 represents the average photon
counting rate for a SPAD receiver. Comparing the mean values
shows an increasing gap with the increase of PO, as shown in the
inserted figure in Fig. 13. It can be explained that the degree of
the ISI effect becomes more and more serious with the increase
of optical power. But it is worth noting that the mean value
still increases with the increase of PO in the CD mode, because
the improvement of system performance by the higher photon
count rate exceeds the deterioration of system performance by
ISI effect. For the variance values, the CD mode has a higher
value than the FR mode. This is because the CD mode has a
longer effective photon detection time, while the FR mode has
a shorter effective photon detection time than the CD mode due
to the ISI effect. With the increase of PO, the photon detection
time in the FR mode will be shorter and shorter, causing the gap
between the variance values of CD and FR to also increase with
the increase of PO. In Fig. 13, 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 does not change too much with the increase of PO. This
is because the block time is not long compared to the entire bit
interval.

Fig. 14 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 dif-
ference between the CD mode distribution and the FR mode
distribution in large bit interval (TS = 50 ns) is small. This is
because the block time is short enough, thus the ISI effect can be
ignored in the FR mode. The inserted figure in Fig. 14 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 the receiver
has a longer effective detection time in the CD mode, 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 becoming very small, thus making the
ISI effect negligible.

The probability distributions in Figs. 13 and 14 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.
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C. Time-Gated Mode Receiver

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 can cover several entire bit intervals and the FR mode
is no longer accurately described by (4). Instead, the photon
counting process can be modeled as a Bernoulli process with
two states for each SPAD pixel [10]. 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 [27]. The Markov chain can be used to model the photon
counting process. The mean μ′

k and variance σ′2
k of the photon

counting probability distribution for the FR mode in high data
rate condition can be expressed as [10], [27]:

μ′
k = N

LTS
1 +mLTS

(5a)

σ′2
k = N

LTS + (m− 1)L2T 2
S

(1 +mLTs)
2 (5b)

m =
Td
TS

(5c)

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 allevi-
ates the ISI effect through continuous detection by cyclically
enabling the TG window of each sub-array. However, this ap-
proach 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 Fig. 5, 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 (5a) and
(5b), respectively. The mean and variance of photon counting
probability distribution of the TG mode can be calculated by (2a)
and (2b), 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 Fig. 15, 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 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 Fig. 15, the increased gap of the

Fig. 15. 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).

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.

Effects from the bit interval are shown in Fig. 16. The ad-
vantages 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
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Fig. 16. 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).

the number of detected photons and alleviate the drawback
caused by less effective detection 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.

IV. BER PERFORMANCE OF SPAD SYSTEM

A. 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
that ‘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 (6) shown at the bottom
of this page [17], and the BER of OOK communication with
optimum threshold can be expressed as [10]:

BER =
1

2

∞∑
y=yth +1

p0y (y) +
1

2

yth∑
y=0

p1y (y) (7)

where the μj, and σ2
j are the mean and variance of the photon

counting distribution of bit j, j = 0, 1, respectively. p0y(y)and
p1y(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

Fig. 17. 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).

at (7) can be approximated as [17]:

BER ∼= Q
(√

SNR
)

(8)

SNR =

(
μ1 − μ0

σ1 + σ0

)2

(9)

Q(x) is the Q-function, which is Q (x) =
1/
√
2π ∫∞x exp(−α2/2) dα. Since all noise in this model

is integrated into background power (Pb), signal-to-noise ratio
(SNR) can be represented by (9). Signal power is defined by
the mean of the photon counting 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 [13]:

L1 =
PDE × (PR + Pb)

Nhf0
(10a)

L0 =
PDE × Pb

Nhf0
(10b)

where PR is the received signal power and Pb is the received
background power. N, PDE, h and f0 are defined in Section III.

B. Simulation Results and Discussions

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 Figs. 17 and 18. The simulations are
performed with Ts set to be 15 ns to ensure the low data rate
condition (Ts>Td). As shown in Fig. 17 for three different back-
ground powers (Pb), and SNR simulation under same condition
is inserted in this figure. As the PR increases, both the CD mode

yth =

μ0

σ2
0
− μ1

σ2
1
+

√(
μ0

σ2
0
− μ1

σ2
1

)2

−
(

1
σ2
0
− 1

σ2
1

) [(
μ2
0

σ2
0
− μ2

1

σ2
1

)
+ 2ln

(
σ0

σ1

)]
1
σ2
0
− 1

σ2
1

(6)
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Fig. 18. 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).

and FR mode follow a decreasing trend in the BER. However,
the increased PR leads to an increased block time in the FR mode
receiver, so its BER reduction is not as high as the CD mode case.
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. The CD mode
always achieves lower BER than the FR mode under the same
PR condition due to the higher photon counting rate caused by
longer effective detection time. This reason can be observed in
Fig. 17. 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 Fig. 12(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, leading to the reduced SNR.
Another problem caused by background noise is the contribution
to block time. Since the CD mode does not have block time, it
has a better tolerance to background noise.

Fig. 18 illustrates the BER variance with the increased data
rate, and SNR simulation is inserted in this figure. In OOK mod-
ulation, the data rate (bps) can be calculated as 1

Ts
. 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 detection time decreases. According to (8) and (9), both
BER and SNR are strongly affected by the mean values. Under
low background power condition, (μ1 − μ0)

2 ∼= μ1, and as TS

decreases, μ1 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

Fig. 19. 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).

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 shown in Fig. 12(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× 10−3, 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.

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
Fig. 19, 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 Fig. 17. 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. Therefore, the improvement in BER
of the FR mode saturates as the received signal power increases
(see Fig. 19). From the perspective of Monte Carlo simulation
and Formulas (8) and (9), 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 to the TG mode, the (σ1 + σ0) value of FR
mode is much larger, 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 Fig. 19, 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
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TABLE I
COMPARISONS OF THREE RECEIVER MODES

Fig. 20. 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).

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 Fig. 19, 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). This is mainly because 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 FR mode.

The analysis on BER versus data rate is shown in Fig. 20 with
an inserted SNR simulation. In a relative low data rate condition
such as 100 Mbps, the FR mode has a lower BER. This is due to
the weaker ISI effect causes the longer bit interval, leading 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 leads 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 Fig. 20,
the FR mode has a higher BER than the TG mode when the data
rate is higher than 135 Mbps.

C. Discussion

In this section, a comparison of the performance of SPAD
receivers based on the OWC model is presented, with a summary
of the outcomes provided in Table I. The FR mode has a simpler
circuit structure as no signal generation circuit is required. How-
ever, a notable disadvantage of FR mode is the high ISI effect
that occurs in high optical power and high data rate conditions,
as indicated by the results of the communication model used
in this paper. The CD mode receiver demonstrates high photon
counting ability and effective suppression of background noise.
However, the variable dead time in the 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 de-
tection 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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V. CONCLUSION

In this paper, one SPAD front-end circuit optimized for OWC
application is designed and measured, featuring with very low
dead time (2.6 ns) and adjustable hold-off time. Based on this
SPAD circuit two new modes, the clock-driven (CD) mode and
time-gated (TG) mode, are proposed to improve the performance
of the OWC system. Additionally, a novel block time simulation
method is first introduced in this research to reveal the factors
causing ISI effect and applied into an OWC model. The CD
mode and the TG mode are evaluated by this OWC model,
demonstrating their advantages and limitations.

The CD-mode SPAD receiver is characterized by periodic re-
setting of SPAD pixels, effectively avoiding dead time extension
to adjacent bit intervals and mitigating the ISI effect. This results
in a higher photon count ability compared to the free-running
(FR) mode, which is indicated by larger mean values in the pho-
ton counting probability distributions. BER simulations show
that the CD-mode receiver outperforms the FR-mode receiver
in low data rate communication and exhibits higher tolerance
to background noise. The TG-mode SPAD receiver divides the
SPAD array into 4 sub-SPAD-arrays and realizes the cyclic
enablement detection, which effectively reduces the ISI effect as
the dead time in one sub-array does not affect other sub-arrays.
Comparisons between the TG mode and FR mode reveal that the
TG mode exhibits lower variance values in the photon count-
ing probability distributions, indicating higher consistency in
effective detection time, and performs better under high optical
power and high data rate conditions. However, the less effective
detection pixels in TG mode causes a low photon detection
ability, thus leading to a low performance under the condition
of low data rate and low optical power.

It is worth noting that the three operation modes (FR mode,
CD mode, TG mode) presented in this paper are suitable for
different communication scenarios. The future research could
focus on combining these modes to further expand the applica-
tion scenarios of SPAD receivers and enhance the performance
of OWC systems.
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