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Abstract: Single-photon avalanche diode (SPAD) is a promising photosensor because of its
high sensitivity to optical signalsinweak illuminance environment. Recently, it has drawn much
attention from researchersin visible light communications (VLC). However, existing literature
only deals with the simplified channel model, which only considers the effects of Poisson noise
introduced by SPAD, but neglects other noise sources. Specifically, when an analog SPAD de-
tector is applied, there exists Gaussian thermal noise generated by the transimpedance amplifier
(TIA) and the digital-to-analog converter (D/A). Therefore, in this paper, we propose an SPAD-
based VLC system with pulse-amplitude-modulation (PAM) under Poisson-Gaussian mixed
noise model, where Gaussian-distributed thermal noise at the receiver is also investigated. The
closed-form conditional likelihood of received signals is derived using the Laplace transform
and the saddle-point approximation method, and the corresponding quasi-maximum-likelihood
(quasi-ML) detector is proposed. Furthermore, the Poi sson-Gaussi an-distributed signals are con-
verted to Gaussian variableswith the aid of the generalized Anscombe transform (GAT), leading
to an equivalent additive white Gaussian noise (AWGN) channel, and a hard-decision-based de-
tector is invoked. Simulation results demonstrate that, the proposed GAT-based detector can
reduce the computational complexity with margina performance loss compared with the pro-
posed quasi-ML detector, and both detectors are capable of accurately demodulating the SPAD-
based PAM signals.
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1. Introduction

Visible light communication (VLC) has become a promising technology complement to the
radio-frequency (RF) counterpart due to its unlicensed spectrum, high security and safety to
human health [1,2]. In atypical VLC system, light-emitting diode (LED) and photodiode (PD)
are utilized at the transmitter and the receiver, respectively. Since the low-cost intensity modula-
tion with direct detection (IM/DD) is often applied in VLC [3], the signal s transmitted by LEDs
are constrained to be non-negative and real-valued. Currently, the high-speed integrated optical
detectors such as avalanche photodiode (APD) are widely employed in VL C systems [4]. How-
ever, these detectors are not applicable in the scenarios of weak illuminance or long-distance
transmission where the received optical power isrelatively low [5].

To address the aforementioned issue, the single-photon avalanche diode (SPAD) [4, 6] is
employed for weak optical signal detection, where the reverse bias voltage is different from
classical APDs, causing it to operate in Geiger mode instead of linear mode. In comparison
with the classical APD, SPAD is more sensitive to optical signals, and can be employed as
a photon counter. Due to interference sources such as the dark current, there exists Poisson-
distributed noise at the SPAD receiver [6,7]. Unlike APD-based VL C systems, where the addi-
tive white Gaussian noise (AWGN) channel is assumed [8], the conventional detection scheme
cannot be directly adopted in the SPAD-based VLC systems. In [9], the optical orthogonal fre-
quency division multiplexing (O-OFDM) using the SPAD is proposed, where the DC-based
optica OFDM (DCO-OFDM) and the asymmetrically clipped optical OFDM (ACO-OFDM)
are considered. Whilst in [10], the SPAD-based VL C system with pulse-amplitude-modulation
(PAM) is investigated, and the Anscombe root transform [11] is employed for demodulating
the Poisson-distributed signals. Moreover, [12] illustrates the SPAD hardware design in optical
communications.

In[4,9,10,13], the digital SPAD is employed for photon detection, where a digital counter
is used to generate discrete outputs. Therefore, the receiver is not influenced by the Gaussian
thermal noise. However, asis discussed in [4, 12, 14], for digital SPADs, the counting process
is required to be precisely synchronized to the transmitter clock, and additional receiver de-
sign work is necessary for recovering the clock and the data from transmitted signals, which
may lead to degradation of the system performance and increased overhead at the receiver. Due
to this clock synchronization issue of the digital SPAD, the analog SPAD without the counter
is considered in this paper, where equally weighted current steering digital-to-analog convert-
ers (D/A) [12, 15] are employed to generate current signals, and a transimpedance amplifier
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Fig. 1. SPAD-based PAM system model.

(TIA) isoptionally applied to enhance the bandwidth. Therefore, there exists additive Gaussian
thermal noise [12, 16], which distorts the output signal of the SPADSs. In this paper, the Poisson-
Gaussian (P-G) mixed noise model isinvestigated in the SPAD-based PAM system. Dueto P-G
mixed noise, the statistical characteristic is changed and the traditional receiversin the existing
literature cannot work well. In this work, the approximate closed-form conditional likelihood
of received signals is derived using the Laplace transform and the saddle-point approximation,
and the corresponding quasi-maximum likelihood (ML) detector is proposed. To reduce the
computational complexity, the generalized Anscombe transform (GAT) is invoked for the pre-
distortion of the noisy signals [17]. The predistorted signal becomes Gaussian distributed with
unity variance, yielding an equivalent AWGN channel. Therefore, a reduced-complexity GAT-
based detector with hard decision is proposed, where the corresponding decision thresholds are
formulated. In simulations, due to the low output rate of the SPAD [4], an SPAD array consist
of enormous diodes used in [4] is adopted to enhance the output rate. Numerical results demon-
strate that the reduced-complexity GAT-based detector only suffers negligible performance loss
compared with the quasi-ML detector. It is also indicated that both the proposed quasi-ML
detector and the GAT-based detector outperform the conventional ML detector and the hard-
decision-based detector in [10], which demonstrates their capability of accurately demodulating
the SPAD-based PAM signals.

The remainder of the paper is organized as follows. Section 2 describes the SPAD-based
PAM system model with the P-G mixed noise. Section 3 proposes the quasi-ML detector and
the reduced-complexity GAT-based detector and presentsthe corresponding formuladerivations.
The performances of two proposed detectors are evaluated via Monte Carlo simulations in Sec-
tion 4, using the conventional detectors for the Poisson noise model [10] as benchmarks. And
the conclusion is drawn in Section 5.

2. System model

The system model of the SPAD-based PAM system is illustrated in Fig. 1. At the transmitter,
K binary bits are firstly partitioned into blocks. Each block of log, M bits is modulated into a
unipolar M-PAM symbol, which isincluded in the constellation set C = {Cp, C1, -+ ,Cpr-1}.
Theresultant real-valued symbolsx = [Xo, X1, - -+ , Xy—1] where N = K/ |log, M | are then fed
into a digital-to-analog converter (D/A), and the output signals can be directly injected into the
LED emitter.

At the receiver, the optical signals are detected by the SPAD, and the photon counts are
converted into current signals proportionally by the D/A, which then transmitted to the next
stages of the receiver. Since the SPAD needs to be recharged after an avalanche is triggered by
the arrived photons, during which photon counting is unavailable, the measured mean value of
the photon counts suffers from nonlinear distortion, and the recharging time is defined as dead
time (DT) [18]. In this paper, however, it is assumed that the time period to detect a photon is
much longer than the DT so that its effect could be negligible [9, 10, 13]. Moreover, aside from
the Poisson-distributed noise in the SPAD, the system performance is also influenced by the
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Gaussian-distributed thermal noise generated by the subsequent stages of the receiver including
the TIA and D/A. Hence, the channel model can be represented as

Ziznpl-+nl-,i=0,l,---,N—1, (1)

where z; represents the received current signal, n denotes a photon-count-to-current converting
factor, n; follows N (0, -?), and p; denotes the output photon counts with Poisson noise, which
can be modeled as a Poisson variable with its mean given by

A; = (QT/E)X; + NgT = aX; + B, 2

where Q denotes the photon detection efficiency, N, stands for the dark count rate (DCR) of the
SPAD, E represents the photon energy, and T is defined as the time period to detect a photon.
Hence, the PDF of p; can be formulated as

n

A
Pr(p; =nl4;) = e_/l[n—l,- ©)

According to Egs. (1) and (3), the conditional likelihood of the variable z; can be described as

& (e 1 (z; —n)?
D(Z¢|/ln 0—) = nzzo( al X W exp (_ 20_2 )) . (4)

Based on the aforementioned statistical properties of received signals, two low-complexity de-
tectorsincluding aquasi-ML detector and a GAT-based detector are proposed for demodulation,
which will be discussed in the next section.

3. The proposed detectors
3.1. Low-complexity quasi-ML detector

Since the conditional likelihood of the signal z; has been formulated in Eq. (4), the ML criterion
can be employed for signal demodulation, which is

Xpias =aAGMaX {P(z;|aX; + B, )}, (5)
x,—eC

However, it can be observed from Eqg. (4) that the expression of p(z|4;, o) istoo complex to
be implemented, since the sum of infinite series has to be calculated. In this paper, we propose
an approximate closed-form conditional likelihood for a simplified ML detector.

By performing the Laplace transform on p(z;|1;, o), we have

+oo

L{p(zi| i, o)} (s) = f p(X|A;, o)e*dx = exp (4; (€7° - 1) + 0.50°s%) . (6)

Then the inverse Laplace transform is applied to £ {p(z:|4;, o)} (S), which yields

Pl 0) = 5 [ T ep((9) ds, @

27Tj c—joo

where f(s) = zs+ 0.502s? + A; (e~* — 1). After that, we employ the saddle-point approxi-
mation methods [19, 20] to obtain the approximate closed-form expression of the conditional
likelihood, which can be formulated as

1 A
P(Zi|/1i»0')~me><p(f(s)), (8)
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where )
’7 0 f(S) — 5 2
f7(s) = o - e o ©

and the saddle point § can be calculated by solving the following equation

f/(8) = z + 025 — 1, exp(-8) = 0. (10)

Since Eqg. (10) is a nonlinear equation, the Newton-Raphson iteration method is employed for
accurate estimation of §, which can be represented as

Zi + O—ngre - /lie‘fl’”’

(11)

Snew = Spre —

o2+ N8 rre

where §,,,. and §,.,, denote the root of Eq. (10) obtained in the previous iteration and the
present iteration, respectively. More specifically, we have the following approximation

exp(® ~1-8§ -1<8<1, (12)

and theinitial value of § for Newton-Raphson iterations can be derived by applying Eq. (12) to
Eqg. (10) as

/l,' - Z;
/li + 0’2 '
By using the aforementioned derivations of p(z;|1;, o), the ith transmitted symbol can be de-
tected by our proposed ML -based receiver as

S = (13)

X; = arg maé{p(zilaﬁi +B,0)}
Xi€

= (f(9) o

=agmax{ ———— &X 9);.
e\ Ve

It can be seen from Eq. (14) that, the proposed quasi-ML detector only needsto deal with arel-
atively simple closed-form likelihood without complex operations such as calculating the sum
of infinite series, which reduces the computational complexity of the conventional counterpart
in EQ. (4). However, the proposed detector is still complicated, since it has to solve the nonlin-
ear equation Eq. (10) for every possible transmitted symbol in C to calculate the conditional
likelihood.

3.2. GAT-based detector

To further reduce the computational complexity, we propose a GAT-based detector with hard
decision. The GAT can be formulated as

() = {2 7 +0.375+ 02, 7, +0375+02>0: 15

0, z +0.375+ 02 < 0.

According to [17], by applying the GAT to P-G distributed signals, the resultant outputs can be
approximately modeled as Gaussian variables with unity variance, which is described as

T(Zi) = E{T(Z,-)|/1,<,0'}+n;, (16)

where E{-} stands for the expectation operator, and n; is an AWGN component following
N (0, 1). Therefore, we only need to detect thesignal e; = E{T(z)|4;, 0} fori =0,1,--- ,N—
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Algorithm 1 The proposed GAT-based detector for PAM systems using SPAD

Require: the GAT of thei-th received signal T(z), the decision thresholds D, and the constel-
lation set C;
Ensure: X; isthe estimation of thei-th transmitted symbol;
1. if T(z;) < Do then
X; = Co;
return X;;
end if
if T(Zl') > Dys_2 then
Xi = Cpm—1;
return X;;
end if
for(j=1j<M-2;j++)do
if D1 < T(z) < D; then
)2,' =C;;
return X;;
end if
end for

© ® N OO~ WwDN

L
A wDdhpk o

1 under an AWGN channel. To obtain the decision thresholds for the detector, the expression of
g; isformulated as

o= [ T @)p@n. o)z @)

[e§)

By applying the aforementioned saddle-point approximation, Eq. (17) can be further derived as

+00 1
P~ T ) Y—————— fA,’ di, 18
e f_m (@) e o0 8102 (18)

where z; = A, exp(=8§;) — 028;. Thus we have

uj - — R R /lAe—ﬁi 2 R
e ~ f 2VAe % - 028 + 0.375+ 02 x exp {4, (e s+ &% - 1)} 1/%%1-,
e 7

(19)

where u; isthe solution of the equation
®(1;,U;) = A; exp(-u;) — o2u; + 0.375 + o> = 0. (20)

Define g(c;) as the function of ¢; that has the same form of Eq. (19) but replaces the received
noisy signal z by ¢; (0 <i < M — 1), which can be represented as

A;e—s + 02

o ds,
(21)

where A7 = ac; + g, and u; denotes the solution of ®(17,u;) = 0. Then the sequence

G = [g(co),g(c1), - ,9(car—1)] is utilized to calculate (M — 1) decision thresholds D =

[D09 Dl"" 5 DM—2] as

g(c;) = f i 2\//l;e—5 - 025+ 0375+ 02 x exp{/lg(e“s+ e’ - 1)}

Di = (g(cl) +g(Cl+1))/27| :0v 17 9M -2 (22)
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Fig. 2. Performance comparison between the proposed quasi-ML detector, the GAT-based
detector, and the receivers illustrated in [10] (this graph shows the BER of each receiver
versus SNR of the Gaussian component whilst the noise in the Poisson component is con-
stant dug4to the fixed optical irradiance of —70dBm, where the average photon count equals
4.5 x 10%).
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The proposed GAT-based detector can be illustrated by Algorithm 1. For the proposed GAT-
based detector, although the decision thresholds are calculated by solving Eg. (20) and per-
forming integration for every ¢; fori = 0,1,--- , M — 1, it can be neglected in the complexity
analysis, since we only need to calculate the decision thresholds for one time before the hard
decision of received signals. Therefore, the complexity for the proposed GAT-based detector is
on the order of O(M/2). Whilst for the proposed quasi-ML detector, assuming that the number
of required operations to calculate the conditional likelihood of each c; is F, then the complex-
ity of the proposed quasi-ML detector is on the order of O(F M). Hence, It isindicated that the
GAT-based detector is capable of reducing the computational complexity compared with the
quasi-ML detector.

4. Simulation results

To demonstrate the feasibility of the proposed quasi-ML detector and the reduced-complexity
GAT-based detector, their BER performances are compared with the conventional ML detector
and the Anscombe root (AR) detector for the Poisson noise model in [10] under the P-G mixed
noise model. In simulations, the photodiode and quenching part of the SPAD array introduced
in [4] is employed together with the equally weighted current steering readout circuit in [12],
which constitutes an analog SPAD detector. Therefore, the values of @ and B are set as 4.52 x
10s/J and 7.27 [4, 10], and 7 is equal to 1amp (A) without loss of generality. Moreover, the
DT and the bit time are set as 13.5ns and 1ms [4, 10], which indicates that the effect of DT is
negligible, since it is smaller than the bit time by 5 orders of magnitude. Note that an optimal
constellation alphabet SPAM is proposed in [10]. Although it outperforms PAM when only the
Poisson noise is considered, the conventional PAM presents its superiority over SPAM when
the Gaussian noiseis non-negligible. Therefore, 16-PAM and 8-PAM are adopted in this paper.

The BER performances of the SPAD-based PAM systems with the proposed quasi-ML and
GAT-based detectors at the optical irradiance of —70dBm are presented in Fig. 2, using the
conventional counterparts for the Poisson noise model in [10] as benchmarks. In Fig. 2, the
term SNR denotes the signal-to-noise power ratio of the Gaussian thermal noise. For different
orders of constellations, it can be seen that the performances of the two proposed detectors and
the conventional receivers are almost the same at low SNRs. Thisis mainly due to the fact that
the noise energy is too large for accurate detection, causing the corresponding BER values to
be above 10~2. In high SNR regions, thereis negligible difference between the performances of
the proposed GAT-based detector and quasi-ML detectors. Since the computational complexity
of the proposed GAT-based detector is significantly reduced, it is more attractive in practical
SPAD-based PAM systems. Moreover, at the BER of 10~3, the proposed quasi-ML and GAT-
based detectors attain about 1dB and 2.5dB performance gain over the conventional AR detector
with 16-PAM and 8-PAM respectively, since AR detector neglects the effect of Gaussian noise.

Besides, for both 16-PAM and 8-PAM, the two proposed detectors achieve more than 5 dB
performance enhancement over the conventional ML detector in [10] when the BER equals
103, for the reason that the likelihood function used in [10] is inaccurate for the P-G mixed
noise model. Note that the conventional AR detector presents better BER performance than the
conventional ML detector at high SNRs, since the output signals of the AR transform becomes
closer to Gaussian variables for low Gaussian noise energy.

InFig. 3(a) and 3(b), the performances of two proposed detectors and their conventional coun-
terparts described in [10] are simulated with respect to the optical irradiance at the SNR of 35dB
and 30dB for 16-PAM and 8-PAM respectively. For different modulation schemes, the conven-
tional AR detector suffers from performance loss compared with two proposed detectors at the
BER of 103, and the conventional quasi-ML detector performs even worse, since the signals
after performing the AR transform cannot be approximated as Gaussian variables, and the con-
ditional likelihood of the conventional quasi-ML detector isinaccurate for the P-G mixed noise
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Fig. 3. Performance comparison between the proposed quasi-ML detector, the GAT-based
detector, and the receiversillustrated in [10] with respect to the optical irradiance.
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Fig. 4. Performance comparison between the SPAD-based VL C systems with the proposed
quasi-ML detector and the GAT-based detector.

model. Therefore, it isindicated that the conventional detectors are no longer applicable under
the P-G mixed noise model. In contrast, the proposed quasi-ML and the GAT-based detectors
are capable of detecting the PAM signal's accurately, which achieve the significant performance
gain over the conventional counterparts at the BER of 1073,

Figure 4 presents the performance comparison between the proposed quasi-ML and GAT-
based detectors, where 16-PAM is employed. It can be seen that the BER value decreases as
the SNR and the optical irradiance become high. Moreover, despite the slight performance gap
between the proposed quasi-ML and GAT-based detectors at low SNRs, the performances of
the two detectors are almost the same. It demonstrates the superiority of the proposed GAT-
based detector over the quasi-ML detector, since its computational complexity is reduced with
negligible performance loss.

5. Conclusions

In this paper, the P-G mixed noise model isinvestigated in the SPAD-based PAM system, where
the analog SPAD detector [12] is applied. The corresponding quasi-ML detector and reduced-
complexity GAT-based detector with hard decision are proposed. For quasi-ML detection, the
closed-form expression for the conditional likelihood of received signals is derived with the
aid of the Laplace transform and the saddle-point approximation, which reduces the computa
tional complexity considerably. For GAT-based detection, the resultant signals after performing
GAT on received P-G distributed signals can be approximated as Gaussian variables. Thus the
reduced-complexity hard-decision detector could be employed. Simulation results validate that
the proposed ML and GAT-based detectors outperform their conventional counterparts, and are
capable of detecting SPAD-based PAM signals accurately under the P-G mixed noise model.
Besides, it is aso demonstrated that the proposed GAT-based detector could reduce the compu-
tational complexity with negligible performance degradation compared with quasi-ML detec-
tion.
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In this paper, we restrict our work on the receiver design of the SPAD-based PAM system
under the P-G mixed noise model, where the effects of DT are neglected. In fact, there are two
scenarios of different DT lengths for the SPAD-based PAM system under the P-G mixed noise
model: when the bit time is much smaller than DT, the SPAD can be modeled as a photon
counter under the P-G mixed noise; when the bit time is comparable with DT, the SPAD cannot
be modeled with P-G characteristics, and the nonlinearity of DT should be considered. There-
fore, in the future study, the nonlinear transfer characteristics of DT will be also investigated in
the SPAD-based PAM system, and the original transceiver design should be modified to com-
bat the nonlinear distortions caused by DT. Moreover, experiments based on hardware will be
performed to further validate our contributions.
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