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Time-Gated Photon Counting Receivers for Optical
Wireless Communication

Shenjie Huang and Majid Safari

Abstract—Photon counting detectors such as single-photon
avalanche diode (SPAD) arrays can be employed to achieve
reliable optical wireless communication at power limited regimes.
However, SPAD-based receivers suffer from significant dead-
time induced intersymbol interference (ISI) especially when
the incident photon rate is relatively high and the dead time
is comparable or even larger than the symbol duration, i.e.,
sub-dead-time regime. In this work, we propose a novel time-
gated SPAD receiver to mitigate such ISI effects and improve
the communication performance. When operated in the gated
mode, the SPAD can be activated and deactivated in well-
defined time intervals. We investigate the statistics of the detected
photon count for the proposed time-gated SPAD receiver. It is
demonstrated that the gate-ON time interval can be optimized to
achieve the best bit error rate (BER) performance. Our extensive
performance analysis illustrates the superiority of the time-gated
SPAD receiver over the traditional free-running receiver in terms
of the BER and data rate performance and the tolerance to
background light.

Index Terms—Optical wireless communication, single photon
avalanche diode, dead time, intersymbol interference.

I. INTRODUCTION

In recent decades, there has been a surge of interest in em-
ploying the photon-counting array receivers in optical wireless
communications (OWC) to improve the receiver sensitivity
[1]–[4]. To realize a photon counting receiver, the commonly
used photodiode can be biased above the breakdown voltage
to operate in the Geiger mode as a single photon avalanche
diode (SPAD). The SPAD-based receiver is superior to the
traditional PIN and avalanche photodiode (APD) based re-
ceivers due to its single photon sensitivity and picosecond
temporal resolution. It is shown that SPAD receivers can
achieve sensitivity gaps to the quantum limit down to 12.7 dB;
whereas, for APD receivers the gaps are usually more than 20
dB [5]. The applications of SPAD receivers in the visible light
communication (VLC) [1], [6] and underwater wireless optical
communications (UWOC) [3], [7] have been investigated in
the literature. However, it is well-known that the performance
of the SPAD-based OWC systems is strongly limited by some
non-ideal effects of SPAD, e.g., dead time, afterpulsing and
crosstalk. Among these effects, dead time is probably the main
limiting factor. Dead time refers to a time period of several
nanoseconds when the SPAD is unable to detect photons,
which typically occurs following the avalanche introduced by
each photon detection when the SPAD is being quenched
[7]. Based on different quenching circuits, SPAD is usually
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classified into two main types, i.e., active quenching (AQ) and
passive quenching (PQ) SPAD. For AQ SPAD the dead time
remains constant; whereas, for PQ SPADs the photon arrivals
during the dead time extend its duration [8].

Due to the effects of the dead time, the average detected
photon count in a symbol duration is non-linearly distorted
especially in high incident photon rate regimes [9]. In addition,
for high speed data transmission with symbol duration com-
parable or even less than the SPAD dead time, the dead time
started in a symbol can extend to the subsequent symbols in-
troducing photon counting blocking in the following symbols.
Since such intersymbol interference (ISI) is inherently nonlin-
ear, the traditional equalization techniques designed for linear
channels can only achieve limited performance improvement
[10]. In [10], a novel detection scheme is proposed in which
the information extracted from both the counts and arrival
times of the detected photons are utilised for the optimal sym-
bol detection to effectively mitigate the degradation induced
by such ISI. Although SPAD receivers that can provide exact
photon arrival time information are practically available [11],
having such functionality strongly increases the complexity
and cost of the OWC receiver.

Many efforts have been devoted to the time-gated SPAD
receivers mainly for imaging and spectroscopy applications to
avoid the detection of unwanted photons [8], [12]–[14]. By
raising and lowering the bias voltage of the photodiode using
the gate signal, the time-gated SPAD receiver can be realized
in which the detector can be turned ON and OFF in well-
defined time intervals [15]. The SPAD is working in Geiger
mode only in gate-ON states and no avalanche can be triggered
in gate-OFF states. In [13], a fast-gated SPAD receiver with
sub-nanosecond (less than 200 ps) transition time from OFF
to ON states and adjustable gate width down to less than 1 ns
is demonstrated to improve the dynamic range limitation of
time-correlated single-photon counting (TCSPC). In addition,
gating techniques are also commonly used in InGaAs SPADs
to mitigate the strong afterpulsing effects [16], [17]. Although
time-gated SPAD receivers have been applied to quantum
key distribution (QKD) communications [18], to the best of
authors’ knowledge, the application of them to the OWC
systems has not been investigated. In this work, we investigate
the utilization of time-gated SPAD receivers in OWC on
combating the dead-time induced ISI. Through our extensive
numerical results, it is demonstrated that by introducing an
optimal gate-ON time window in symbol duration, the effects
of ISI can be effectively mitigated and the performance of
SPAD-based OWC systems can be significantly improved
especially under high incident photon rates.
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Fig. 1. An example of the incident and detected photon arrivals in the presence
and absence of SPAD gating functionality.

The rest of this paper is organized as follows. The concept of
utilizing time-gated SPAD receiver to mitigate the ISI effects
is shown Section II. Section III presents the derived statistics
of the received signal of time-gated SPAD receiver and its
BER performance. The numerical results and discussion are
presented in Section IV. Finally, we conclude this paper in
Section V.

II. OWC WITH TIME-GATED SPAD RECEIVER

Despite their high sensitivity to individual photon arrivals,
due to the dead time effect, SPADs would remain blind to the
incident photons for a short period after each photon detection.
When SPAD is employed as OWC receiver, it might be inac-
tive at the beginning of the symbol duration until the end of the
dead time generated by the last photon arrived in the previous
symbols causing a significant ISI effect [10]. Employing time-
gated SPAD receiver can potentially mitigate such ISI effect
and also reduce the unwanted detected background photon
count. However, the drawback is the possible reduction of
detected signal photon count.

To see the above points, an example of the incident and
detected photon arrivals in the presence and absence of SPAD
gating functionality is demonstrated in Fig. 1. Figure 1(a)
presents the received optical waveform. In this work we
consider that the transmitted signal is with OOK modulation
so that optical signal received by SPAD receiver has binary
photon rates. The proposed idea of using time-gated SPAD
receivers can also be extended to the systems with higher order
modulation schemes. Figure 1(b) shows a realization of the
incident photon arrivals and the detected photon arrivals for
a free-running SPAD receiver without gating is presented in

Fig. 1(c). In this work, we assume that the employed SPAD is
PQ-based and hence the photon incident during the dead time
can extend the dead time duration. Compared to AQ SPAD,
the advantages of PQ SPAD are its simpler circuit design
and higher photon detection efficiency (PDE). As a result, PQ
SPAD is widely employed in the commercial SPAD receivers
[19]. It is presented in Fig. 1(c) that the photon arrival during
the second symbol duration when a bit ‘0’ is sent leads to an
extended dead time which results in the photon arrivals in the
third symbol when a bit ‘1’ is sent undetectable. Such dead-
time-induced ISI effect inevitably increases the bit error rate.
Note that in this work, due to the existence of the background
light, some photons can still be detected when bit ‘0’ is sent.
The dark count rate of SPAD can also be interpreted as a kind
of background light.

To mitigate the ISI effect caused by dead time, a gating
signal comprising a sequence of short pulses with repetition
rate 1/Ts (as shown in Fig. 1(d)) can be applied to the
SPAD receiver where Ts denotes the symbol duration. For
each Ts, the SPAD can only detect photons during the gate
duration (gate-ON time) Tg and is blind to the incident photons
during the rest of time period (gate-OFF time) Ts − Tg . In
practical implementation, the gate-ON and gate-OFF time can
be controlled by changing the bias voltage of the SPAD [16].
For the sake of simplicity, we assume that the transition time
between gate states is negligible. By introducing the gating
signal, the SPAD cannot detect any photons at the end of
each symbol duration. For instance, different from the free-
running SPAD, the second and third incident photon arrivals
shown in Fig 1(b) cannot be detected by time-gated SPAD
as they are in the gate-OFF periods. As a result, employing
time gating can effectively reduce the probability of the SPAD
being inactive at the beginning of the symbol durations, which
alleviates the ISI effect. For example, as presented in Fig. 1(e),
by employing time-gated SPAD, one photon arrival in the third
symbol when a bit ‘1’ is sent can now be successfully detected,
which improves the BER performance. It is worth noting that
even when the gating signal is applied, the avalanche triggered
during one gate-ON time interval might still introduce a dead
time that extends to the following gate-ON periods if the
dead time is relatively long, which can lead to residual ISI
effects. Also note that synchronising the gating signal with
the start of symbol duration is not necessary, as the same
performance improvement can be achieved when the gating
signal experiences a delay. This relaxes the difficulty of syn-
chronization in practical implementation. However, the gating
signal with gate-ON pulses spread across the bit transition
should be avoided.

The performance of SPAD-based OWC systems suffers
from the detected background photons when background
light is non-negligible. Besides the ISI mitigation, employing
time-gated SPAD can also effectively reduce the number of
background photon counts and hence is beneficial to the
communication performance. For instance, as shown in Fig. 1,
when the second symbol (bit ‘0’) is transmitted, we expect that
the received photon count is as low as possible. However, due
to the existence of background light, one photon is detected
during this symbol duration if SPAD receiver without gating
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is employed. In the presence of gating operation, since this
background photon arrives during the gate-OFF time interval,
it cannot be detected.

Except the aforementioned advantages of the time-gated
SPAD receiver, it also has one disadvantage. Because during
the gate-OFF time the signal photons are also undetectable,
introducing gating functionality might result in less detected
signal photon counts, which in turn degrades the performance.
As presented in Fig. 1(c), in the absence of time gating, two
signal photons can be detected in the first symbol (bit ‘1’);
whereas, as shown in Fig. 1(e), only one signal photon can
be detected in the presence of gating. Due to the trade-off of
employing time-gated SPAD discussed above, for any given
system an optimal gate ON-time T ∗g should exist which can
results in the best performance. In this work, this optimal gate-
ON time will be investigated.

III. PERFORMANCE OF TIME-GATED SPAD RECEIVER

Different from the traditional PIN and APD photodetectors,
the SPAD detectors suffer from the dead time induced non-
linear distortion. When incident light with fixed photon rate
λ is received by a free-running PQ-based SPAD, according
to the renewal theory, it is well-known that the SPAD photon
transfer function is given by [20]

λD = λ exp (−λTd) , (1)

where Td is the dead time and λD refers to the detected
photon rate. From this equation one can observe that due to
the paralysis property of the PQ SPAD, with the increase of
received photon rate the detected photon rate firstly increases
and then decreases. The received photon rate which gives the
highest detected photon rate is 1/Td and the corresponding
detected photon rate is 1/eTd.

When SPAD is applied in OWC systems, the statistics of
the detected photon count during the counting duration Ts
are crucial. Based on (1), the average detected photon count
of a free-running PQ SPAD during Ts can be expressed as
λTsexp (−λTd) and the corresponding variance has been re-
ported in [21], [22]. However, when time-gated SPAD receiver
is employed, the statistics of the detected photon count are
not the same. In the following discussion, we will derive
the mean and variance of the detected photon count for such
receiver based on which the communication performance can
be investigated.

A. The Statistics of the Detected Photon Count

For time-gated SPAD receiver, the SPAD is only active
during the gate-ON time periods. The bias voltage of SPAD
during the gate-OFF intervals is lower than the breakdown
voltage and the receiver is not in operation, thus no photons
can be detected during the gate-OFF intervals [15], [16], [23].
When time-gated SPAD receiver is operated under a photon
rate of λ, it is equivalent to illuminating a free-running SPAD
with an optical pulse wave with repetition rate 1/Ts and pulse
width equal to the gate-ON time interval Tg . During gate-
ON and gate-OFF intervals, the effective incident photon rates
are λ and 0, respectively. The average detected photon count

Fig. 2. The gate-ON time interval during (s− Td, 0).

of time-gated receiver during Ts is given by the following
proposition.

Proposition 1. Denoting the gate-ON time interval as Tg with
Tg ≤ Ts, the average number of the detected photon count
during Ts is given by

u(Tg) =

∫ min(Tg,Td)

0

λ e−λG(s)−λs ds+ (Tg − Td)+ λe−λTd ,

(2)
where

G(s)=bTd − s
Ts
cTg +

(
Td−s−b

Td − s
Ts
cTs−Ts + Tg

)+

.

(3)
Note that b·c refers to the floor function and (x)

+
=

max {x, 0}.

Proof. To prove this proposition, we can consider two cases,
i.e., Tg < Td and Tg ≥ Td.

Assuming that the investigated symbol interval starts at t =
0 and ends at t = Ts, when Tg < Td holds which means
at most one photon can be detected during Ts, the average
detected photon count u(Tg) can be expressed as

u(Tg)|Tg<Td
= (4)∫ Tg

0

P

[
no arrival during (s− Td, 0)

∣∣∣∣s] f(s) ds.

where s denotes the time of the first photon arrival after time
t which according to the properties of Poisson process obeys
the exponential distribution, i.e.,

f(s− t) = λe−λ(s−t). (5)

Equation (4) indicates that to ensure the photon arrival at
time s can be successfully detected, there should be no arrival
between s− Td and s. Note that only the first photon arrival
during [0, Tg] is possible to be detected since the intervals
between photon arrivals within [0, Tg] are always less than
Td, hence none of the following arrivals can be detected. The
conditional probability of no photon arrival during (s−Td, 0)
depends on the total gate-ON interval during this time period
denoted as G(s). In the considered time-gated receiver, for any
symbol with time (t, t+Ts), the interval (t, t+Tg) is the gate-
ON time and the rest of the time (t+ Tg, t+ Ts) is the gate-
OFF time as illustrated in Fig. 2. The time interval (s−Td, 0)
contains bTd−s

Ts
c number of the full symbols. As for each

symbol the gate-ON time is Tg , the total gate-ON time interval
from these full symbols is hence bTd−s

Ts
cTg . The remaining

time of (s−Td, 0) after removing the above full symbols can
be expressed Td − s − bTd−s

Ts
cTg . During this time interval,
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u(Tg) =

∫ Td

0

P [no arrival during (s− Td, 0)|s]f(s) ds+

∫ 2Td

Td

P [no arrival during (s− Td, Td)|s] f(s− Td) ds+ . . .

+

∫ bTg
Td
cTd

(bTg
Td
c−1)Td

P

[
no arrival during

(
s− Td, (b

Tg
Td
c − 1)Td

) ∣∣∣∣s] f (s− (bTg
Td
c − 1)Td

)
ds

+

∫ Tg

bTg
Td
cTd

P

[
no arrival during

(
s− Td, b

Tg
Td
cTd
) ∣∣∣∣s] f (s− bTgTd cTd

)
ds. (7)

E[K2(Tg)] =


u(Tg), if Tg < Td,

u(Tg) + 2λ2e−λTd
∫ Tg−Td

0
e−λ[G(s1)+s1](Tg − Td − s1) ds1, if Td ≤ Tg < 2Td,

u(Tg) + λ2e−2λTd (Tg − 2Td)
2

+ 2λ2e−λTd
∫ Td

0
e−λ[G(s1)+s1](Tg − Td − s1)ds1, if Tg ≥ 2Td.

(12)

the gate-OFF time is Ts−Tg and hence the gate-ON time can

be expressed as Tr =
(
Td − s− bTd−s

Ts
cTg − (Ts − Tg)

)+
.

Note that the time Tr should be non-negative. Therefore, the
total gate-ON time during the period period (s−Td, 0) can be
written as G(s) given in (3). As a result, (4) can be expressed
as

u(Tg)|Tg<Td
=

∫ Tg

0

e−λG(s)λe−λsds. (6)

On the other hand, when Tg ≥ Td holds, we can divide
the gate opening time Tg in the symbol duration [0, Ts] into
bTg/Tdc segments of length Td each and a remaining shorter
segment with length Tg − bTg/TdcTd. Since each segment
is with length less or equal to Td, at most one photon can
be detected during each segment. The average photon count
during Tg is given by the summation of the average photon
counts of these segments as given by (7). The first segment is
different from the other following segments as the photon rate
from Td time before until the beginning of the segment is not
fixed at λ. Therefore, this segment has to be treated specially.
Similar to the case when Tg < Td, the conditional probability
of the first integral in (7) can be expressed as

P [no arrival during (s− Td, 0)|s] = e−λG(s), (8)

where G(s) is given by (3). For all the following segments the
probability of no arrival during (s − Td, t) can be expressed
as

P [no arrival during (s− Td, t)|s] = e−λ(t−s+Td). (9)

By substituting (8) and (9) into (7), the average photon count
can be written as

u(Tg)|Tg≥Td
= (10)∫ Td

0

e−λG(s)λe−λsds+

∫ 2Td

Td

e−λ(2Td−s)λe−λ(s−Td)ds+ · · ·

+

∫ bTg/TdcTd

(bTg/Tdc−1)Td

e−λ(bTg/TdcTd−s)λe−λ(s−(bTg/Tdc−1)Td)ds

+

∫ Tg

bTg/TdcTd

e−λ(bTg/TdcTd+Td−s)λe−λ(s−bTg/TdcTd)ds.

It can be calculated that except the first term, the summation
of all the other terms in the right side of (10) equals to
(Tg − Td)λe−λTd . As a result, (10) can be rewritten as

u(Tg)|Tg≥Td
=

∫ Td

0

e−λG(s)λe−λsds+ (Tg − Td)λe−λTd .

(11)
Until now the average of the photon count for both Tg < Td
and Tg ≥ Td are derived as given in (6) and (11), respectively.
Therefore, a general expression of the average detected photon
count can be expressed as (2).

A special case of the time-gated SPAD receiver is when
Tg = Ts which corresponds to the traditional free-running
SPAD receiver without the gating functionality. In this case,
one has G(s) = Td − s and hence (2) can be simplified to
u(Tg) = λTge

−λTd . The result is in line with the expression of
the first moment of the detected photon count for free-running
SPAD derived in [21], [22].

The second moment of the detected photon count for time-
gated SPAD receiver is given by the following proposition.

Proposition 2. Denoting the detected photon count of time-
gated SPAD during Ts as K(Tg), its second moment is given
by (12).

Proof. To prove the above proposition, we can still consider
two cases, i.e., Tg < Td and Tg ≥ Td. When Tg < Td holds,
at most one photon can be detected during Tg , i.e., K(Tg) ∈
{0, 1}. The second moment of the total detected photon count
can be expressed as

E[K2(Tg)]|Tg<Td
= E[K(Tg)] = u(Tg)|Tg<Td

, (13)

where u(Tg)|Tg<Td
is given in (6). Note that the first equality
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Fig. 3. The four categories of the correlation terms in (14): (a) and (b)
refer to the cases when the two segments are adjacent and non-adjacent,
respectively, and none of the segments are the first segment; (c) and (d) refer
to the corresponding cases when the first segment is involved.

holds since there is either zero or one photon can be detected,
the second moment hence equals to the mean value.

Now let’s turn to the case when Tg ≥ Td. We can again
divide the gate opening time Tg within the symbol duration
[0, Ts] into bTg/Tdc segments of length Td each and a remain-
ing shorter segment with length Tg−bTg/TdcTd. Denoting the
detected photon count vector of these bTg/Tdc + 1 segments
as K =

[
K1,K2, · · · ,KbTg/Tdc+1

]
, the second moment of

the total detected photon count is given by

E[K2(Tg)] = E

[( bTg/Tdc+1∑
n=1

Kn

)2]
(14)

=

bTg/Tdc+1∑
n=1

E
[
K2
n

]
+2

bTg/Tdc∑
n=1

bTg/Tdc+1∑
j=n+1

E [KnKj ] .

Since each segment is with length less or equal to the dead
time, the first term of (14) equals to the average value
u(Tg)|Tg≥Td

given in (11). As mentioned when the first
moment is derived, the first segment differs from the following
segments, since the photon rate Td time before until the
beginning of this segment is not fixed at λ. Therefore the
correlation terms in (14) can be classified into four categories
as shown in Fig. 3. Note that Fig. 3(a) and Fig. 3(b) refer
to the cases when the two segments are adjacent and non-
adjacent, respectively, under the condition that neither of the
segments are the first segment; Fig. 3(c) and Fig. 3(d) refer
to the corresponding cases when the first segment is involved.
When calculating the correlation between two segments, the
preceding segment Kn is always with duration Td; whereas,
the latter segment Kj could be with duration less than Td
when it is the last segment within Tg . Therefore, as shown
in Fig 3, we denote the duration of the latter segment as t
with t ∈ {Td, Tg − bTg/TdcTd}. Let us define the correlation
function E [KnKj ] of these four cases as ψA(t), ψB(t),
ψC(t), ψD(t), respectively. Based on the above observations,
when Td ≤ Tg < 2Td holds, (14) contains only one correlation
term which is in the category of (c). As a result, the second
moment (14) can be rewritten as

E[K2(Tg)]|Td≤Tg<2Td
= u(Tg)|Tg≥Td

+ 2ψC (Tg − Td) ,
(15)

where u(Tg)|Tg≥Td
is given by (11). On the other hand, when

Tg ≥ 2Td holds, the corresponding second moment can be
expressed as

E[K2(Tg)]|Tg≥2Td
= u(Tg)|Tg≥Td

(16)

+ 2

[(
bTg
Td
c − 2

)
ψA(Td) + ψA

(
Tg − b

Tg
Td
cTd
)

+

(
bTg

Td
c−2
)(
bTg

Td
c−3
)

2
ψB(Td)+

(
bTg
Td
c− 2

)
ψB

(
Tg−b

Tg
Td
cTd
)

+ψC (Td) +

(
bTg
Td
c − 2

)
ψD(Td) + ψD(Tg − b

Tg
Td
cTd)

]
.

In the following discussion, the correlation functions ψA(t),
ψB(t), ψC(t), and ψD(t) will be derived.

For case (a), denoting the photon arrival in the two segments
as s1 and s2, respectively, the correlation function is given by

ψA(t)=

∫ t

0

∫ Td+t

s1+Td

P [no arrival during (s1−Td, 0)|s1]f(s1)

· P [no arrival during (s2−Td, Td)|s2]f(s2−Td) ds2 ds1.
(17)

Considering that the probability of no photon arrival for a time
period of t is given by e−λt and the definition of function
f(s− t) given in (5), equation (17) can be rewritten as

ψA(t) (18)

=

∫ t

0

∫ Td+t

s1+Td

e−λ(Td−s)λe−λs1e−λ(2Td−s2)λe−λ(s2−Td)ds2ds1

=
1

2
λ2t2e−2λTd .

For case (b), the correlation function is given by

ψB(t) = (19)∫ Td

0

∫ T1+t

T1

P [no arrival during (s1 − Td, 0)|s1]f(s1)

· P [no arrival during (s2 − Td, T1)|s2]f(s2 − T1) ds2 ds1.

Note that since the considered two segments are non-adjacent
and hence with interval larger than Td, the detected photon
counts in these two segments are independent. Therefore, (19)
can be simplified as the product of two integrals

ψB(t) (20)

=

∫ Td

0

e−λ(Td−s1)λe−λs1ds1

∫ T1+t

T1

e−λ(T1−s2+Td)λe−λ(s2−T1)ds2

= λ2Td t e
−2λTd .

For case (c), the correlation function can still be presented as
(17); however, since the photon rate before the beginning of
the first segment is not fixed at λ, the conditional probability
of no arrival during (s1 − Td, 0) does not simply equal
to e−λ(Td−s1) but equals to e−λG(s1) with G(s) given in
(3). Therefore, the correlation function for this case can be
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expressed as

ψC(t)

=

∫ t

0

∫ Td+t

s1+Td

e−λG(s1)λe−λs1e−λ(2Td−s2)λe−λ(s2−Td) ds2 ds1

= λ2e−λTd

∫ t

0

e−λ[G(s1)+s1](t− s1) ds1. (21)

Finally, for case (d), the correlation function is given by

ψD(t)

=

∫ Td

0

e−λG(s1)λe−λs1ds1

∫ T1+t

T1

e−λ(T1−s2+Td)λe−λ(s2−T1)ds2

= λ t e−λTd

∫ Td

0

e−λG(s1)λe−λs1ds1. (22)

By substituting (21) into (15), the second moment of the
detected photon count when Td ≤ Tg < 2Td can be rewritten
as E[K2(Tg)]|Td≤Tg<2Td

=

u(Tg)|Tg≥Td
+2λ2e−λTd

∫ Tg−Td

0

e−λ[G(s1)+s1](Tg−Td−s1) ds1.

(23)
On the other hand, by substituting (18), (20), (21) and (22)
into (16), the second moment of the detected photon count
when Tg ≥ 2Td can be expressed as

E[K2(T g)]|Tg≥2Td
= (24)

u(Tg)|Tg≥Td
+ λ2e−2λTd (Tg − 2Td)

2

+ 2λ2e−λTd

∫ Td

0

e−λ[G(s1)+s1](Tg − Td − s1) ds1.

In summary, the second moment of the detected photon count
is presented by (12).

We can also consider a special case when the gating time
Tg = Ts which corresponds to the traditional free-running
SPAD receiver. Since in this scenario G(s) = Td − s and
u(Tg) = λTse

−λTd , by substituting these terms into (12) and
after some mathematical manipulations, one can get the second
moment of the detected photon count as E[K2(Tg)] ={

λTge
−λTd , if Tg < Td,

λTge
−λTd + λ2e−2λTd (Tg − Td)2 , if Tg ≥ Td.

This result is in line with the second moment expression of
the detected photon count presented in [21].

With the derived first and second moments of the detected
photon count given in (2) and (12) respectively, its variance
as a function of Tg can be expressed as

σ2(Tg) = E[K2(Tg)]− u2(Tg). (25)

An example of the mean and variance of the detected photon
count during Ts versus Tg under various photon rate λ is
plotted in Fig. 4. It is demonstrated that the derived analytical
results shown in (2) and (25) excellently match with the
simulation results, which justifies our analytical derivations.
When the photon rate is relatively low, e.g., λ = 107 Hz
and λ = 108 Hz, with the increase of Tg , the mean detected
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Fig. 4. The mean and variance of the detected photon count versus the gate-
ON time Tg for time-gated SPAD under various incident photon rate λ with
dead time Td = 10 ns and symbol time Ts = 20 ns.

photon count monotonically increases as presented in Fig.
4(a) and Fig. 4(b). This is because under low photon rates
the dead time induced ISI is negligible and increasing Tg is
always beneficial which increases the probability of detecting
photons. The above observation is not the case when the
incident photon rate is relatively high, e.g., λ = 5 × 108

Hz. In this scenario, as shown in Fig. 4(c), with the increase
of Tg , the average detected photon count firstly increases;
but when Tg goes beyond the dead time Td = 10 ns, the
average photon count gradually reduces. This is because for
a counting period of Ts = 20 ns, when Tg is less than 10
ns, the gate-OFF time interval is larger than the dead time
Td = 10 ns. As a result, the photon detection in one gate-ON
interval will not introduce any ISI effects to the following gate-
ON intervals, hence increasing Tg gives higher average photon
count. When Tg is close to 10 ns the mean value of detected
photon count approaches 1 and the corresponding variance
approaches 0, since the high photon rate and the absence of
ISI guarantee that one photon can always be detected during
Tg . But when Tg is larger than 10 ns, significant ISI effect
comes into place which increases the probability of SPAD
being blocked during the gate-ON time intervals due to the
previous triggered avalanches. Higher Tg could lead to more
severe ISI effects and strongly reduce the detected photon
count. Therefore, the average detected photon count reduces
with the further increase of Tg .

B. The BER Performance

When modulated OOK signal is received, for a SPAD array
detector with N microcells the received photon rate for each
microcell when bit ‘0’ and bit ‘1’ are sent can be expressed
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Fig. 5. The exact and approximated conditional PMFs of the detected photon
count when bit ‘0’ and bit ‘1’ are transmitted where λ0 = 1 × 107 Hz,
λ1 = 5 × 107 Hz, Td = 10 ns, Ts = 20 ns and the number of SPAD
N = 64.

as

λ0 =
ΥPDEPb
Nhν

,

λ1 =
ΥPDE (2PR + Pb)

Nhν
. (26)

where PR and Pb denote the received signal power and
background light power, respectively, ΥPDE is the PDE of
the SPAD, h refers to the Planck constant, and ν denotes the
light frequency. Note that to ensure an average received signal
power of PR the received signal powers for bit ‘1’ and bit
‘0’ are 2PR and 0, respectively. By substituting λ0 and λ1
into (2) and (25), the approximated first two moments of the
detected photon counts when bit ‘0’ and bit ‘1’ are received
can be calculated. We denote that when bit ‘1’ is sent, the
mean and variance of the detected photon count during Ts are
u1(Tg) and σ2

1(Tg), respectively; whereas when bit ‘0’ is sent
the corresponding moments are u0(Tg) and σ2

0(Tg). When the
size of the SPAD array is relatively large, due to the central
limit theorem, for bit ‘1’ (bit ‘0’) the received photon count
can be modelled as Gaussian distribution with mean Nu1(Tg)
(Nu0(Tg)) and variance Nσ2

1(Tg) (Nσ2
0(Tg)) [3]. As a result,

the BER can be expressed as [24]

BERSPAD(Tg) = Q

[√
Nu1(Tg)−

√
Nu0(Tg)

σ1(Tg) + σ0(Tg)

]
, (27)

where Q[·] refers to the Q-function. The optimal Tg , denoted
as T ∗g , which results in the minimum BER can be found
numerically. Note that the BER of the free-running SPAD
receiver can also be achieved by using (27) with Tg = Ts.

It is worth noting that the above calculated moments of
detected photon count are approximated ones, because the mo-
ments derived in Section III-A are calculated considering that
the incident optical signal is unmodulated. The exact statistics
of the detected photon count when modulated light is received
are mathematically intractable. The same approximation has
been widely employed in the literature. For example, inspired
by the photon transfer function in (1), some works in the
literature assume that when bit ‘0’ with photon rate λ0 and
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Fig. 6. BER versus the gate-ON interval Tg for a small time-gated SPAD
array with N = 64 under various received signal power PR when Pb = 5
nW and data rate R = 50 Mbps.

bit ‘1’ with photon rate λ1 are received, the averaged detected
photon counts during Ts are λ0Tse

−λ0Td and λ1Tse
−λ1Td ,

respectively, and the BER performance is investigated based
on this assumption [3], [7], [25], [26].

By employing the approximated moments, the calculated
BER (27) would be a bound on the exact BER performance.
Figure 5 presents the difference between the exact and approx-
imated PMF of the detected photon count when modulated
signal is received. In fact, by employing the approximation,
it is assumed that when the current received bit is bit ‘1’,
all of the previously transmitted bits are also bit ‘1’. Since
bit ‘1’ is with photon rate higher than bit ‘0’, employing
such approximation overestimates the dead-time induced ISI
and hence underestimates the photon count when bit ‘1’ is
transmitted. This can be observed in Fig. 5 by comparing
the PMFs of the photon count when bit ‘1’ is sent in the
presence and absence of the approximation. In contrast, as
also presented in Fig. 5, this approximation overestimates
the detected photon count for bit ‘0’, since less dead-time
induced ISI degradation is considered. From the error rate
perspective, when the approximated moments are employed,
the underestimation of the photon count for bit ‘1’ and
overestimation of the photon count for bit ‘0’ together result in
a lower bound of the real SPAD BER performance. However,
as later demonstrated in the numerical results in Section IV,
the gap between the approximated BER (27) and the exact one
is small when the dead time is less than or comparable to the
symbol duration.

IV. NUMERICAL RESULTS

In this section, some numerical results regarding the time-
gated SPAD receiver are presented. The optical wavelength is
considered as 785 nm, the PDE of SPAD is set as ΥPDE =
0.18, and the dead time is Td = 10 ns [19]. The considered
SPAD receivers are with two array sizes, i.e., N = 64 and
N = 1024. The selection of the optimal gate-ON time is firstly
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Fig. 7. The optimal Tg versus the received signal power PR for a small SPAD
array with N = 64 and data rate R = 50 Mbps under various background
light power Pb.

discussed and the superiority of the time-gated SPAD receiver
over the traditional free-running receiver in terms of the BER
performance is investigated.

Fig. 6 plots the BER versus the gate-ON time interval Tg
for a small SPAD array with N = 64 under various PR. For
such a small array size, the data rate is quite limited, hence
we assume a data rate of R = 50 Mbps which corresponds
to a symbol duration of Ts = 20 ns. Invoking the dead time
Td = 10 ns, this symbol duration is twice of the dead time.
It is demonstrated that for any given PR, with the increase
of Tg , BER firstly decreases due to higher probability of
detecting signal photons and then increases mainly because of
the severer ISI effects. This trade-off results in an optimal gate-
ON interval T ∗g that achieves the minimal BER. For instance,
when PR = 10 nW and PR = 15 nW, the minimal BER is
1.33×10−8 with T ∗g = 10 ns and 1.38×10−12 with T ∗g = 8.8
ns, respectively. Note that when Tg goes above 10 ns, the gate-
OFF interval Ts−Tg becomes less than Td and the dead-time
induced ISI effects appear. As a result, the communication
performance would be significantly degraded and the BER
suddenly increases as presented in Fig. 6. In addition, it is
shown in Fig. 6 that in the absence of ISI effects, i.e., Tg < 10
ns, larger Tg increases the number of detected signal photon
count but this does not necessarily indicate better performance,
for example when PR = 15 nW and PR = 20 nW. This
is because higher Tg also increases the number of detected
background photon counts which could in turn degrade the
performance.

For the system considered in Fig. 6, the optimal Tg under
various PR and Pb is presented in Fig. 7. It is demonstrated
that with the increase of PR, the optimal gate-ON time interval
T ∗g decreases. For instance, with Pb = 0.5 nW, the optimal Tg
is 20 ns when PR = 1 nW which refers to a free-running
SPAD receiver. However, the corresponding optimal Tg drops
to 10 ns when PR increases to 10 nW. The reason behind
this is that larger PR means stronger dead time induced ISI
effects which requires a lower Tg to mitigate the corresponding
degradation. Note that when Tg goes below Ts−Td, which is
10 ns in the considered system, the gate-OFF time during a
symbol duration Ts−Tg exceeds Td and hence the ISI effects
are totally eliminated. Therefore, when PR keeps increasing,
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Fig. 8. BER versus the received signal power PR for a small SPAD array
with N = 64 and data rate R = 50 Mbps under various background light
power Pb in the presence and absence of the gating operation.

since reducing Tg below Ts−Td does not affect ISI any more,
the receiver would firstly maintain a Tg close to this value to
collect a high number of signal photons while eliminating ISI
effect. However, with further increase of PR, the system can
afford more loss of signal power in exchange for the reduction
of collected background photons, which can be reduced by
lowering Tg . As a result, the Tg starts to drop again. In
addition, it is also demonstrated in Fig. 7 that systems with
higher background light power Pb has relatively lower T ∗g .
This is due to the fact that in the presence of relatively high
background light power, the system performance is strongly
limited by the detected background photon count. As a result,
choosing a lower Tg which effectively decreases the detected
background photon counts can improve the performance.

Figure 8 presents the BER versus PR for N = 64 under
various Pb for time-gated and free-running SPAD receivers.
For time-gated receiver the optimal Tg which minimizes the
BER is adopted. In this figure, besides the approximated BER
performance calculated based on (27), the exact performance
of the practical SPAD receivers is also plotted. This perfor-
mance is achieved by firstly generating the random transmitted
data stream based on which the long photon arrival sequence
received by each SPAD microcell can be generated by using
the theory of Poisson process; then filtering the photon arrival
sequences using the dead time; calculating the total photon
count detected by the array in every symbol duration; and fi-
nally decoding the signal based on the detected photon counts.
The above process can exactly mimic the photon reception of
the practical SPAD receiver, but it is with high computational
complexity. It is shown in Fig. 8 that for free-running receivers
without the gating operation, with the increase of PR the BER
firstly decreases and then increases due to the stronger dead-
time induced ISI. In addition, the BER performance is very
sensitive to the background light intensity. For instance, when
Pb is 1.5 nW, a BER low than 10−4 cannot be achieved no
matter what is PR and when Pb increase to 5 nW, even a BER
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Fig. 9. BER versus Tg for a large time-gated SPAD array with N = 1024
under various received signal power PR when Pb = 40 nW and data rate
R = 200 Mbps.

of 10−1 cannot be achieved. It is also demonstrated in Fig. 8
that the approximated BER performance is slightly worse than
that of the practical receiver as mentioned in Section III-B, but
the performance gap is relatively small.

It is illustrated in Fig. 8 that the time-gated receiver with T ∗g
strongly outperforms the free-running one especially in high
PR regimes. For instance, when PR = 6 nW and Pb = 5
nW, by using free-running receiver, the achievable BER is
only 0.25, but the corresponding BER drops to 3.4 × 10−5

when time-gated receiver is employed. Furthermore, Fig. 8
illustrates that by limiting and even totally removing the dead-
time induced ISI through adjusting Tg , time-gated SPAD can
achieve a monotonic decrease of BER with the increase of
PR. Time-gated receiver also has higher tolerance to the
background light compared to its counterpart. For example,
when Pb are 1.5 nW and 5 nW, a BER less than 10−4, which
can not be achieved for free-running receiver, can always be
guaranteed for time-gated receiver when PR is higher than 2.6
nW and 5.4 nW, respectively. In addition, one can observe that
for time-gated receiver the approximated and practical BER
results are very close. Note that the considered T ∗g which is
calculated based on the approximated BER (27) is the optimal
gate-ON time under the approximation mentioned in Section
III-B, but is not necessarily the optimal gate-ON time for the
practical SPAD receiver. As a result, different from the free-
running receiver, the approximated performance is not always
worse than the performance of the practical receiver.

Now let’s turn to the SPAD receiver with a larger array
size, i.e., N = 1024. With larger array size the dead time
effects are mitigated and the receivers are capable of operating
under higher data rate R, signal power PR and background
light power Pb. We assume that the data rate is R = 200
Mbps which corresponds to a sub-dead-time scenario with
the symbol duration Ts = 5 ns half of the dead time. Fig. 9
presents the BER versus Tg under various PR when Pb = 40
nW. Similar to Fig. 6, it is again shown that for any given
PR, the optimal Tg can always be determined. For instance,
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Fig. 10. The optimal Tg versus the received signal power PR for a large
SPAD array with N = 1024 and data rate R = 200 Mbps under various
background light power Pb.
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Fig. 11. BER versus the received signal power PR for a large SPAD array
with N = 1024 and data rate R = 200 Mbps under various background
light power Pb in the presence and absence of the gating operation.

when PR = 40 nW and PR = 70 nW, the optimal gate-ON
interval T ∗g are 2.7 ns and 2 ns, respectively. However, different
from the system considered in Fig. 6 where the ISI effects
can be thoroughly eliminated by reducing Tg , here the ISI
effects cannot be totally removed, since the gate-OFF interval
is always shorter than Td. Therefore, a sharp increase of BER
with the increase of Tg due to the appearance of ISI effects
cannot be observed in Fig. 9. The relationship between optimal
Tg and PR is demonstrated in Fig. 10 which again confirms
that with the increase of PR, T ∗g decreases and larger Pb results
in lower T ∗g . Note that different from Fig. 7, in Fig. 10 the
slow change of T ∗g in the middle range of the received power
cannot be observed, because in the considered system dead-
time-induced ISI cannot be totally eliminated and the system
always suffers from both ISI and background photon count.

The BER versus PR for the large SPAD array under various
Pb is shown in Fig. 11. Similar to Fig. 8, it can be observed
that the time-gated SPAD receiver significantly outperforms
the free-running receiver in terms of BER performance and
background light tolerance. For example, with Pb = 80 nW
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Fig. 12. The BER versus the data rate for a SPAD array with N = 1024
when PR = 60 nW and Pb = 40 nW.

and PR = 63 nW, by employing time-gated SPAD receiver,
a BER of 10−4 can be achieved; however, the corresponding
BER of free-running receiver is around 0.1. It is worth noting
that the performance gaps between the approximated and the
practical BER shown in Fig. 11 are larger than those in Fig.
8 due to the smaller considered symbol duration to dead time
ratio.

To provide some insights on the improvement of the data
rate by using time-gated SPAD receiver, Fig. 12 is plotted
where the BER versus the data rate for a SPAD array with
N = 1024 is presented. Note that both the approximated
BER calculated based on (27) and the exact BER perfor-
mance of the practical SPAD receiver are demonstrated. It
is shown that with the increase of the data rate, the BERs
increase. For free-running SPAD receiver, the approximated
BER performs worse than the practical BER as explained in
Section III-B. This figure demonstrates that for lower data
rates, or equivalently higher Ts/Td ratios, the gap of these two
BERs is smaller which again indicates that (27) can be a good
approximation of the practical BER when the dead time is less
than or comparable to symbol duration. For the time-gated
receiver, the approximated BER and the BER of the practical
receiver with the calculated T ∗g are plotted. It is presented
that the time-gated receiver significantly outperforms the free-
running one in terms of the achievable data rate, which justifies
the data rate improvement of using the proposed time-gated
receiver. For instance, in order to achieve a BER of 10−4, the
maximal data rate of the practical free-running receiver is 250
Mbps; whereas, the corresponding data rate of the time-gated
receiver is 560 Mbps.

Note that in this work the calculated gate-ON time is
optimal in the sense of minimizing the approximated BER
performance, hence it might not be the optimal gate-ON
time minimizing the practical exact BER. As a result, when
applying the calculated gate-ON time to the practical receiver,
the achieved BER performance is not optimal and might
become worse than that of the free-running receiver when
data rate is high, for example, in Fig. 12 when data rates are
900 Mbps and 1 Gbps. Thus the calculated gate-ON time is a

‘sub-optimal’ solution for practical SPAD receiver. In Fig. 12,
the optimal performance of the practical time-gated receiver
is also plotted in which the optimal Tg for each data rate is
found through exhaustive search. It is demonstrated that this
optimal performance is superior to that of both free-running
receiver and time-gated receiver with calculated T ∗g . However,
the performance gap between this optimal BER and the BER
with the calculated T ∗g is quite small especially for low to
medium data rate transmission. This implies that in practical
implementation, as long as the symbol time is not far less than
the dead time, the Tg calculated in this work can provide a
performance close to that of the optimal Tg; however, in a very
high speed scenario, one has to find the optimal Tg through
exhaustive search.

V. CONCLUSION

In this work, we propose to employ the time-gated SPAD
receiver in OWC systems to mitigated the dead-time induced
ISI effects. The statistics of the detected photon count of the
time-gated SPAD receiver are investigated. Due to the trade-off
between the probability of detecting photon arrivals and the
performance degradation induced by ISI, the gate-ON time
interval can be optimized to achieve the best communication
performance. It is presented that the value of the optimal gate-
ON time which can be determined numerically decreases with
the increase of received signal and background power. Through
extensive numerical results, it is demonstrated that compared
to the traditional free-running receiver, the time-gated receiver
with optimal gate-ON time can significantly improve the BER
and data rate performance and the background light tolerance
especially in high received signal power regime.
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