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Abstract—In this paper the information transfer rate of a
single-photon avalanche diode (SPAD) array is investigated. The
SPAD array is modelled as a discrete-time Gaussian channel with
signal-dependent mean and variance. The SPAD dead time is a
parameter which affects the extent of this signal dependency. The
SPAD array channel capacity and the properties of the capacityachieving input distributions are studied. Using a numerical
algorithm, the capacity and the optimal input distributions
subject to peak and average power constraints are obtained for
various array sizes, dead times and background count levels.
Index Terms—Single-photon avalanche diode (SPAD), SPAD
array, photon counting, dead time, capacity.

I. I NTRODUCTION
Single-photon avalanche diodes (SPADs) are extremely sensitive devices capable of detecting very weak light signals.
Nowadays, they are drawing particular attention in the field of
optical wireless communication (OWC), resulting in wider and
deeper studies among the scientific research community. Thermal noise is one of the main sources of noise in any electronic
circuit. In most light detectors, thermal noise is considerable
and significantly limits the sensitivity of the device. SPADs can
overcome this noise thanks to their unique operating mechanism, thereby achieving very high sensitivities. This makes
them a promising candidate for OWC applications which deal
with very weak light levels or involve data transmissions over
long distances.
The physical characteristics of the SPAD photodetectors are
well studied in the literature [1]–[3]. There are a number
of contributory factors playing a role in the SPAD photon
counting functionality, among which dead time is the most
impactful. Dead time is the inevitable periods of inactivity
the SPAD experiences during the photodetection. Depending
on the physical structure of the SPAD, this dead time can be
constant (as in active quenching (AQ) SPADs) or variable (as
in passive quenching (PQ) SPADs), in any case, it degrades
the SPAD photodetection performance. The device limitations
have been examined through extensive experiments [4]–[7].
However, since SPADs have just recently found applications in
the OWC domain, they are not fully characterized from a communication perspective. Many questions regarding their performance for OWC applications are still unanswered. Therefore,
it is necessary to deeply understand the characteristics and
limitations of these devices from a communication theory
point of view and analyse their performance in this context.
In [8] and [10], we presented a thorough characterization
of single SPADs, where we derived the exact photocount

distribution of both AQ and PQ single SPADs under the limits
of a short dead time. We investigated the effect of a long
dead time on the photocount statistics of AQ single SPADs in
[11]. In [8], [10], [11], the reliability performance of single
SPADs for OWC applications was specified by system error
probabilities. It was found that the existence of dead time
results in a considerable increase in the bit error probability.
Another key performance metric is the maximum achievable
data rate of the OWC system. In SPAD-based systems, the
transmission data rate needs to be chosen in such a way that
a reliable photon counting performance is ensured for the
SPAD photodetector. In these systems, the dead time limits
the achievable data rates. In [12], it was shown that in single
SPADs, the dead time does not allow data rates higher than a
few Mbits/s, as the relative length of dead time compared to
the system time slots is the determining factor, rather than the
absolute length of dead time.
The existing experimental data suggests that by using SPAD
arrays, the effect of dead time can be mitigated; SPAD arrays
exhibit lower effective dead times and can achieve higher data
rates with improved photon detection performance [13], [14].
In [9], we characterized an AQ SPAD array for OWC
applications, where we derived the photocount distribution of
SPAD arrays and evaluated the bit error ratio (BER) of an
OWC system under the limits of dead time. In this paper,
we model the SPAD array as a communication channel, then
we assess the limiting effect of dead time by the input-output
information transfer rate of the corresponding channel. In this
context, the relevance of the channel capacity as a performance
metric is clear. As long as the information transfer rate
through the SPAD array channel is less than its capacity, it
is possible to make the error probability arbitrarily small with
proper modulation and coding schemes. In this paper, we also
obtain the channel capacity and the capacity-achieving input
distributions for AQ SPAD arrays for various array sizes, dead
time values and background count levels.
The remainder of this paper is organized as follows. In
Section II, the photon counting statistics of AQ single SPADs
and SPAD arrays are briefly discussed and the dead timemodified photocount distribution of SPAD arrays is provided.
In Section III, a signal-dependent Gaussian channel model is
proposed for the SPAD array. In Section IV, the properties of
the SPAD array channel capacity are studied. The capacityachieving distributions are obtained and the effect of various
parameters are discussed. Finally, we provide some conclusions in Section V.

II. P HOTOCOUNT S TATISTICS
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A. Single SPAD
The photon counting process of a SPAD photodetector
is adversely impacted by its dead time. After each photon
detection, the SPAD becomes unresponsive for the duration
of its dead time and can not detect any other photons. This
leads to some counting losses. In the photon counting context,
the photocount refers to the number of successfully detected
photons in the so-called counting interval. The number of
counting losses is random and depends on the relative dead
time, i.e., the dead time to the counting interval ratio.
Assume that the photons arrive on the surface of the SPAD
photodetector according to a Poisson arrival process and the
SPAD is free at the beginning of the counting interval. Consider a counting interval of length T and a constant average
photon rate λ (in photons/s). Let the random variable K denote
the photocounts in the counting interval and k be an arbitrary
realization of K. For an ideal single SPAD without dead time,
the photocounts follow a Poisson distribution [15]:
(λT )k e−λT ,
(1)
k!
The mean and variance of the photocounts are given by [15]:
p0 (k) =

µ0 = σ02 = λT.

(2)

In the presence of dead time, the photocounts are no
longer Poisson distributed. With a dead time of length τ , the
maximum number of photocounts is kmax = bT /τ c+1, where
bxc denotes the largest integer that is smaller than x. The
probability mass function (PMF) of the photocounts in this
case is given by [8], [10]:
 k
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P
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where the function ψ(i, u) is defined as ψ(i, u) = ui e−u /i!
and λk = λ(T − kτ ). The mean and variance of this PMF are
expressed as [8], [10]:
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Fig. 1. Comparison of mean and variance of a single SPAD with ideal Poisson
distribution, for T = 1µs and various δ values.
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Fig. 1 presents µK and σK
as functions of λT with T =
1 µs. Let the dead time ratio be defined as δ = τ /T . In
2
Fig. 1(a), µK and σK
are plotted for δ = 0.001, 0.01, 0.1,
and are compared to an ideal single-photon detector with µ0
and σ02 defined in (2). In Fig. 1(b), δ = 0.5, 1 are considered.
2
As shown, for δ = 0.1, 0.5 and 1, µK and σK
are significantly
lower than those of an ideal detector with Poisson distribution.
As λT increases, µK tends to a constant value (= 1/τ ) and
2
σK
approaches zero. For δ = 0.001, the gap between the mean
2
and variance is small, such that µK and σK
almost grow with
2
the same slope as µ0 and σ0 . According to Fig. 1, the mean
and variance of the photocounts strongly depend on the dead
time ratio δ.

For τ  T , the expressions in (4) are approximated as [10]:
λT ,
1 + λτ
λT
.
≈
(1 + λτ )3

µK ≈
2
σK

B. SPAD Array
(5a)
(5b)

The output of a SPAD array is the summation of all
photocounts of the individual SPADs over the same counting
interval. The fill factor (FF) of the SPAD array also affects

the photocount distribution1 .
Consider an array of Narray SPAD elements, and assume
independent counting statistics for the array elements (due to
negligible crosstalk2 ). Denote by Ki the photocount at the ith
SPAD. Thus, the array total photocount is expressed as [9]:
Narray

Y =

X

Ki .

(6)

realizations of X and Y , respectively. Therefore, the channel
model for the SPAD array can be expressed as:
pY |X (y|x) = q

1
2πσY2 |X (x)

Narray

In sufficiently large arrays, according to the central limit
theorem (CLT), the photocount distribution of the SPAD array
can be approximated by a Gaussian distribution, that is:
pY (y) ∼ N (µY , σY2 ),

(7)

with,
µY =

X
i=1

Narray

µKi ,

σY2 =

X

2
σK
.
i

(8)

i=1

2
Here, µKi and σK
are the mean and variance of the photoi
count distribution of the ith SPAD in the array, respectively.
In the SPAD array, the incident light intensity is divided
between the array elements. It is then very unlikely that all
the SPADs become inactive at the same time. Therefore, the
array can detect a larger portion of the incident light intensity.
In addition, the dead time losses decrease as the size of the
array increases. In fact, with an array of Narray SPADs, the
effective dead time reduces to τ /Narray [9]. This means that
SPAD arrays are more robust to dead time and can tolerate
longer dead times, maintaining the required photon counting
performance. However, the dead time still limits the maximum
achievable count rate and determines the saturation level or
peak value of the count rate curve, but the effect is shifted to
higher photon rates [9].

III. SPAD A RRAY C OMMUNICATION C HANNEL M ODEL
Consider the SPAD array as a memoryless communication
channel with a discrete-time signalling scheme: the channel
input is the intensity of the optical signal which can vary
between discrete time slots of length T while remaining
constant within each time interval. The channel output is the
number of detected photons in each time interval, corrupted by
background counts of a constant intensity λb photons/s. Thus,
Kb = λb T is the average background counts per counting
interval. Here, we refer to all the noisy counts (arising from
dark counts, afterpulsing, and ambient light) as the background
counts. Let the random variables X and Y denote the channel
input and output, respectively. Further, x and y are arbitrary
1 FF is defined as the ratio of the SPAD array active area to the total array
area and is denoted by CFF . Without loss of generality, we assume CFF = 1,
i.e. the entire surface of the SPAD is sensitive and therefore, the probability
that the incident photons hit the active area is equal to one.
2 Crosstalk is a phenomenon that takes place in SPAD arrays, when the
avalanche in one SPAD triggers an undesired secondary avalanche in a
neighbouring SPAD.

−(y − µY |X (x))2
2σY2 |X (x)

(9)

where x ∈ R+ and y ∈ Z+ . Also:
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(10a)
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Note that according (4a) and (4b), the mathematical expres2
sions of µKi and σK
, and hence µY |X and σY2 |X are functions
i
of x, i.e., λ. The mean and variance of the SPAD array photon
counts are signal-dependent due to the dead time. Therefore,
the dead time is the parameter to determine the degree of
signal dependency.
IV. C APACITY A NALYSIS
In this section, the effect of dead time on the capacity
of the SPAD array channel is investigated. Due to practical
considerations and device limitations, such as the saturation of
SPADs at high intensities [8], [9], the input signal is subject
to peak and average power constraints. Furthermore, since X
is the light intensity, the constraints are directly imposed on
X. In addition, X should be nonnegative. Thus,
0 ≤ X ≤ A,
E [X] ≤ E,

(11)

where A and E are the peak and average power, respectively.
Without loss of generality, we assume that 0 ≤ E ≤ A and A
is finite.
For the Gaussian channel given in (9), µY |X and σY2 |X are
signal-dependent, unlike the classical Gaussian channels [16].
Such a class of Gaussian channels are termed as conditionally
Gaussian (CG) channels [17], [18]. Although the properties of
such channels have been studied in the literature, their capacity
is not yet known [17], [18]. Nevertheless, it is well known that
subject to peak and average power constraints, the channel
capacity is achievable and the capacity-achieving distribution
is unique and discrete with a finite number of mass points for
finite A and E [17]. In what follows, some of the findings in
the aforementioned reference articles are adopted to study the
capacity of SPAD arrays.
Assume an input distribution defined over constellation
ψx = {a1 , a2 , . . . , al }, with probability distribution ψp =
{p1 , p2 , . . . , pl }, where l = |ψx | and 0 ≤ a1 < a2 <
· · · < al ≤ A. Denote by PX the corresponding cumulative
distribution function (CDF), that is:
dPX = p1 δ(x − a1 ) + p2 δ(x − a2 ) + · · · + pl δ(x − al ), (12)

where δ(·) is the Dirac delta function. Also, let PX be the set
of all input distributions satisfying the constraints defined in
(11):
(
)
Z A
dPX = 1, E [X] ≤ E .
PX , PX :
(13)
0

Let pY |X (y|x) be the conditional probability of Y given X.
For each PX , denote the corresponding distribution of Y by
pY (y; PX ), the marginal entropy of Y by H(Y ; PX ), the
conditional entropy of Y given X by H(Y |X; PX ), and the
mutual information between Y and X by I(PX ) [19]:
Z
pY (y; PX ) =
pY |X (y|x)dPX
x
X
H(Y ; PX ) = −
pY (y; PX ) log2 pY (y; PX )
(14)
y

Z
1
log2 2πeσY2 |X (x) dPX
H(Y |X; PX ) =
2 x
#
Z "X
pY |X (y|x)
I(PX ) =
pY |X (y|x) log2
dPX
pY (y; PX )
x
y
And the channel capacity is [19]:
C = max I(PX ) .
PX ∈PX

(15)

Let the capacity-achieving values of ψx , ψp , and PX subject
to the constraints A and E, be denoted by ψx∗ (A, E), ψp∗ (A, E),
∗
(A, E), respectively. In the following, some of the
and PX
main properties of the capacity-achieving distribution are
summarized [17]:
1) Existence and uniqueness: There exists a unique proba∗
satisfying the bounded-input and average
bility measure PX
power constraints which maximizes I(PX ).
∗
is capacity-achieving if and
2) Necessity and sufficiency: PX
only if there exists  ≥ 0 such that for all x ∈ [0, A]:
1
∗
∗
Q(x; PX
)−I(PX
)− log2 2πeσY2 |X (x)−(x−E) ≤ 0, (16)
2
where,
X
Q(x; PX ) = −
pY |X (y|x) log2 pY (y; PX ).
(17)
y
∗
3) Discreteness: The capacity-achieving distribution PX
, is
discrete and consists of a finite set of mass points.
4) Mass point at zero: The capacity-achieving distribution
always contains a mass point located at zero. That is, 0 ∈
ψx∗ (A, E). Therefore,


1
1
∗
∗
2
=
I(PX ) − Q(0; PX ) + log2 [2πeσY |X (x)] .
(18)
E
2

5) Mass point at peak power: The capacity-achieving distribution contains a mass point located at A, i.e., A ∈ ψx∗ (A, E).
Although the above properties of the capacity-achieving
distributions for the CG channels are known, closed-form
analytical expressions are unknown in general. Therefore, we
apply numerical methods in order to compute the capacity and
capacity-achieving distributions for the SPAD array channel.

Algorithm 1 Search algorithm for finding the capacityachieving input distribution.
Input: A, E
∗
Output: C, PX
1: procedure C APACITY (A, E)
2:
l←2
3:
Solve (15) such that |ψx |= l.
. See [16].
4:
Determine (l) according to (18).
5:
if (l) < 0 then
6:
l ←l+1
7:
go to 3
8:
end if
9:
if (16) holds for all x ∈ [0, A] then
∗
10:
return C and PX
11:
else
12:
l ←l+1
13:
go to 3
14:
end if
15: end procedure

Using an approach similar to that of [17], the optimal input
distribution and the capacity of the SPAD array channel can
be obtained via the search algorithm presented in Algorithm 1.
In Algorithm 1, the inputs are A and E. The algorithm
initializes with a binary distribution (l = 2). In each iteration,
first the optimal PX which maximizes I(PX ) is obtained
using the method presented in [16]. Since a mass point at
x = 0 always exits, (l) is determined using (18). Failure
of the necessary condition (l) > 0 indicates that this PX
is not optimal and the current number of mass points, l, is
not sufficient. Thus, the number of mass points should be
increased by one, and the distribution function PX which
maximizes the information rate (subject to constraints) should
be determined again. If (l) > 0, then the necessary and
sufficient condition in (16) is tested. If it is satisfied, then PX
is the capacity-achieving probability distribution. Otherwise, l
is increased by one and the procedure is repeated.
A. Numerical Results
Here, some numerical results on the capacity of the SPAD
array channel and the optimal distributions are provided.
Fig. 2 illustrates the SPAD array channel capacity as a
function of dead time ratio δ for A = 50, E = 20,
Kb = 5, and various array sizes. According to this figure,
larger arrays exhibit higher capacities for longer dead times,
and are more robust to dead time losses. As can be seen, if
Narray = 1024, for the considered values of the parameters
A, E and Kb , the effect of dead time is effectively cancelled.
This is because the array does not experience saturation in
these operating conditions. If the intensity of the optical signal
and/or the background noise level is high such that the array
gets saturated (e.g., Narray = 16), longer dead times lead
to lower capacity values. Followed by Fig. 2, in Figs. 3(a)
and 3(b) the effect of dead time on the optimal mass points
(ψx∗ ) and the corresponding probability distributions (ψp∗ ) is
presented for one small array (Narray = 16) and one large
array (Narray = 1024). In these figures, the parameters A, E,
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Fig. 2. SPAD array capacity as a function of δ for several array sizes: A = 50, E = 20, and Kb = 5.
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Fig. 3. SPAD array capacity-achieving distributions: A = 50, E = 20 and Kb = 5.

Kb are assumed to remain fixed as follows: A = 50, E = 20,
Kb = 5. It is observed that for Narray = 16, as δ grows,
the number of mass points decreases. However, in the case of
Narray = 1024, the capacity-achieving measure (ψx∗ , ψp∗ ) does
not depend on δ. It contains 5 mass points in total, including
one at x = 0 and one at x = A, for 0.01 ≤ δ ≤ 1.
Fig. 4 plots the channel capacity of an array of 64 SPADs
versus A, with the average power constraint E = 20, Kb =
5, 10 and δ = 0.1. In this figure |ψx∗ | denotes the total number
of the mass points in the capacity-achieving distribution. As
A increases, more mass points are required to achieve the
capacity. It should be noted that in the cases where A < E,
the optimization is only subject to the peak power constraint,
since the average power constraint is always met.
Fig. 5 illustrates the channel capacity of an array with
Narray = 1024 and δ = 1 versus E, with the peak power
constraint A = 50 and Kb = 5, 10. If Kb = 10, and
E < 20, the optimal input distribution has 5 mass points and
as E increases, |ψx∗ | decreases to 4. However, for E > 20,

the channel capacity remains constant, and the average power
constraint becomes ineffective. In this regime, the capacity is
solely limited by the peak power constraint. In addition, note
that in classical CG channels with the additive Gaussian noise,
whose power is a linear function of the channel input (e.g. the
CG channel studied in [17]), the larger E is, the more mass
points are required. However, in the case of SPAD arrays the
trend is reversed; this is because the variance of the signaldependent noise decreases for larger values of E.
V. C ONCLUSION
In this study, the information transfer rates of SPAD array
photodetectors were studied for OWC applications. A discretetime Gaussian communication channel model with inputdependent mean and variance was proposed for the SPAD
arrays. A numerical algorithm was used to obtain the SPAD
array channel capacity and the optimum input distribution
subject to average and peak power constraints. It was found
that the channel capacity is achievable and the capacityachieving distribution is discrete with a finite number of mass
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points. The results show that, compared with single element
SPADs, SPAD arrays can tolerate longer dead times offering
higher capacities, and thereby supporting higher data rates
for the OWC applications. Depending on the optical signal
strength and background noise levels, the effect of dead time
may be mitigated or fully cancelled. However, the inherent
limitation of dead time remains.
The data rates can be improved to some extent with the
help of advanced modulation techniques; but to achieve data
rates in the range of Gbits/s, SPAD devices with much shorter
dead times are required. SPADs are still a relatively immature
technology, thus, in this current stage, they are suitable for
scenarios in which the high data rate is not a mandatory
requirement. With further technological advances, they may
become capable of targeting higher data rates.
The results presented in this work can be used as a benchmark for evaluating the efficiency of practical SPAD-based
optical systems. This is particularly required to design efficient
modulation schemes, and optimizing the device structure and
operating conditions to maximize the achievable data rates.
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