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Abstract—Emerging maritime applications arising from the
continued growth of the marine economy have an inherent
need for high data rate underwater wireless links. Within this
context, underwater wireless optical communication is known
as a promising technology for data transmission over short-
to-medium ranges; the current available technology provides
a transmission span of about 100 m. In view of extending
the transmission range, silicon photo-multipliers (SiPMs) have
recently emerged as a photo-detection solution offering high
receiver (Rx) sensitivity together with operational flexibility. In
this paper, we introduce the use of pulse amplitude modulation
(PAM) together with frequency-domain equalization (FDE) at the
Rx to boost the communication rate beyond the bandwidth (BW)
limitation of the optoelectronic components. For instance, for a
link BW limited to 2 MHz and 2-PAM transmission with a target
BER of 10−4, the link becomes nonoperational for data rates
larger than ∼ 8 Mbps without equalization, whereas much higher
data rates can be attained using FDE, e.g., 20 and 50 Mbps with
maximum ranges of 28 and 10 m, respectively, in clear waters
for the SensL MicroSB-30020 SiPM and an average transmit
optical power of 0.6 W only. Meanwhile, the nonlinear distortion
of the SiPM is shown to limit the modulation order and thus the
data rate in relatively short ranges. We also propose appropriate
processing for PAM modulation and demodulation, given the
quantum-noise-limited Rx when using an SiPM. We show that the
use of non-binary PAM is undeniably advantageous for moderate
data-rates (symbol rate a few MHz larger than the overall link
BW) when no channel equalization is performed at the Rx.
However, when employing FDE, only for very high data rates
(e.g., symbol rate ten times larger than the link BW), where the
link frequency response becomes highly frequency selective, the
non-binary PAM becomes practically interesting, outperforming
2-PAM.

Index Terms—Underwater wireless optical communications;
Silicon photo-multiplier; pulse amplitude modulation; frequency-
domain equalization; quantum noise.

I. INTRODUCTION

The on-going expansion of human activities in underwater
application domains has resulted in an inherent need for
reliable and high data rate wireless links. Optical wireless
communications underwater offers very high data rates (more
than several hundred Mbps) but over a limited range of
typically several tens of meters or so. Underwater wireless
optical communication (UWOC) is regarded as being cost-
effective, low energy consumption, high data rate, low latency,
and secure [1]–[4]. Nevertheless, optical signals in water are
subject to strong intensity attenuation due to light absorption
and scattering. Scattering can also result in pulse broadening
and inter-symbol interference (ISI) at very high data rates [5]–
[7]. Several theoretical and experimental works have demon-

strated the feasibility of this technology and several products
have been commercialized (see [8] and the references therein).

Currently, one of the most important challenges for UWOC
links is to considerably increase the attainable link distance.
Although photo-multiplier tubes (PMTs) offer a high sensitiv-
ity thanks to their very high gain (typically 106−107) and their
large photo-sensitive area, they have a number of practical
disadvantages including bulkiness, high cost, the requirement
for high bias voltages, sensitivity to magnetic fields (due to the
use of DC-to-DC converters), and vulnerability to exposition to
high light intensities [8]. The use of silicon photo-multipliers
(SiPMs), also called multi-pixel photon counters (MPPCs), has
attracted particular attention very recently since they offer the
same order of magnitude of gain as PMTs. Allowing operation
over relatively long range underwater links, SiPMs have the
advantages of lower cost and operating bias voltage, reduced
size, weight, and power (SWaP), mechanical robustness, and
insensitivity to magnetic fields, as compared with PMTs.
Although currently available components suffer from limited
dynamic range (DR) and relatively small active areas, due
to their operational flexibility, SiPMs are likely candidates
to extend the range of current UWOC systems and their
use is foreseen in next generation underwater communication
systems [9].

Considering the use of an SiPM at the receiver (Rx), our aim
in this paper is to employ pulse amplitude modulation (PAM)
in order to increase the transmission rate beyond the bandwidth
(BW) limitation of the optoelectronic components used at
the transmitter (Tx) and at the Rx. The motivation behind
considering PAM among the other existing intensity modula-
tion techniques is that, unlike optical orthogonal frequency-
division multiplexing (O-OFDM), considered in [10], [11],
PAM exhibits a relatively low peak-to-average power ratio
(PAPR), and hence, its performance is less affected by the
limited DR of the Tx. Also, PAM has the advantages of
lower sensitivity to synchronization errors, compared with
pulse position modulation (PPM), and higher BW efficiency
than pulse width modulation (PWM). Also, it is not subject
to error propagation in signal demodulation, compared with
digital pulse interval modulation (DPIM) [12], [13].
Although SiPMs enable long range underwater links due to
their high sensitivity, we show that they also introduce some
challenges at relatively shorter ranges, where the introduced
nonlinear distortion (NLD) limits the modulation order and
thus the data rate. Furthermore, given that the Rx is essentially
quantum-noise limited when using an SiPM, we propose
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appropriate processing for PAM modulation and demodula-
tion. Furthermore, frequency-domain equalization (FDE) is
proposed at the Rx to alleviate the Tx/Rx components’ BW
limitation. We show that a substantial performance improve-
ment can be achieved through FDE at relatively high data
rates.

The remainder of the paper is organized as follows. Section
II presents the principles of operation of SiPMs and their
limitations. In Section III, we present our main assumptions
and the model description for a typical SiPM-based UWOC
system. Then, PAM signal transmission and detection is con-
sidered in Section IV where we present the two cases of
classical and optimal PAM signaling. Performance evaluation
of the communication link is studied in Section V, where we
present a set of numerical results to illustrate the limitation on
the data rate and to elucidate the performance gain offered by
channel equalization. We also show the interest of the optimal
PAM signaling and the advantage of using non-binary PAM
at high data rates. Lastly, Section VI concludes the paper.

II. SILICON PHOTO-MULTIPLIERS FOR PHOTO-DETECTION

A. SiPM, Operation
An SiPM is a matrix of avalanche photo-diodes (APDs),

which are connected in parallel. In their “quiescent state” these
APDs are biased in the Geiger mode, i.e., over their breakdown
voltage VBD. As a result, the APD has a very high gain and
can potentially go into avalanche when a single photon hits its
photosensitive surface; thus the name of single-photon APD
(SPAD) or Geiger-mode APD. These elements of an SiPM are
also often called “pixels” or “micro-cells,” which in fact act as
“photon counters.” The output of the SiPM is the sum of the
photon counts of the SPADs of number NSPAD. Obviously, the
DR of the SiPM output is limited (to between 0 and NSPAD).

Avalanche can also occur due to the presence of intrinsic
carriers inside the active region of the APD, resulting in the so-
called dark counts. On the other hand, after being triggered by
an incoming photon, the resulting current pulse in a SPAD may
initiate an after-pulse (mainly because of charge trapping due
to silicon defects). Also, it may trigger the adjacent pixels at
the same time, what is called crosstalk. These different “noise”
sources affect the performance of an SiPM-based receiver
(Rx). Typical values of VBD are around 20 − 30 V (which
depend also on the temperature) and the over-voltage VOV (the
excess bias voltage beyond VBD) is around 2− 5 V [14].

A SPAD is initially in it quiescent mode until a trigger
occurs, due to incoming photons or a secondary effect (i.e.,
dark noise, after-pulse, or crosstalk), pushing the SPAD into
avalanche. A quenching device should then be used to bring
it back to the quiescent mode [15]. This transition is called
recovery phase and the corresponding delay is called recovery
time or dead-time, denoted here by τd. During τd, the SPAD
is unable to detect a new incoming photon and is said to be
saturated [16].

Quenching can be done using a passive or an active circuitry,
as illustrated in Fig. 1. In the case of active quenching (AQ),
see Fig. 1(a), a dedicated active circuitry senses the avalanche,
and then lowers the bias voltage below VBD during the hold-
off time, and then brings it back to the quiescent value [17].

(a) AQ (b) PQ

(c)

Fig. 1. (a), (b): Schematics of typical PQ and AQ SiPM circuitry [17], (c):
I − V charactristic of a PQ SPAD [18].

Recovery by active quenching is faster and unaffected by new
incoming photons, providing the possibility of working with
high count rates. However, the area required for the quenching
circuit (used for every SPAD) and the control circuitry makes
AQ SiPMs of very low density (i.e., very small NSPAD; e.g.,
[19]), compared to passively quenched (PQ) equivalents. The
simple PQ approach consists in using a quenching resistor Rq

in series with the SPAD, see Fig. 1(b). When an avalanche
occurs, the voltage drop across Rq pushes the SPAD into cut-
off mode. Afterwards, the junction capacitance recharges to
the bias voltage (VC − VA on the figure) during the recovery
phase. Meanwhile, the new incoming photons can extend the
recovery time while not being counted.
We will consider in this work the use of PQ SiPMs which are
more suitable in our application as the higher NSPAD allows
working with higher intensities, i.e., shorter ranges. We will
refer to the effect of the Rx saturation (i.e., signal clipping)
due to dead-time limitation and the limited NSPAD as NLD
caused on the detected signal.

In addition to τd, a number of important parameters are
defined for an SiPM including: the photon detection efficiency
(PDE), ΥPDE, i.e., the probability of detecting an incoming
photon; the dark count rate (DCR), fDCR; and the probabilities
of after-pulsing PAP and crosstalk PCT. ΥPDE depends on
the quantum efficiency, the over-voltage VOV, and the so-
called fill-factor αFF (the ratio of the photosensitive surface
to the total physical area on the chip); fDCR increases with
temperature and VOV; and PAP and PCT depend on VOV and
the SPAD size.
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B. Accounting for Bandwidth Limitation of SiPM

In addition to the dead-time constraint, the limited BW of
SiPMs and high-power LEDs that are typically used at the
Tx, can constrain the transmission data rate. O-OFDM could
be a solution to this problem [20], however, the limited DR
of power LEDs and the NLD introduced by SiPMs suggests
using more appropriate signaling schemes with a lower PAPR.
In this work, we consider the use of simple non-return-to-zero
(NRZ) PAM that can be readily employed at the Tx by simply
switching on and off a set of LEDs (usually multiple LEDs
are used at the Tx in order to increase the transmit power
[9]). Note that NRZ signaling occupies a slightly larger BW
(compared to root raised cosine filtering, for instance), but it
has the advantage of removing the need to digital filtering at
the Tx and the Rx, decreasing hence system implementation
complexity and circuit power consumption.

Nevertheless, the use of (single-carrier) PAM can result
in ISI at high data rates due to the BW limitation of the
components, as shown in [8] for the case of on-off keying
(OOK) modulation, necessitating channel equalization at the
Rx. To deal with this, here we proposed the use of FDE at
the Rx in order to boost the transmission rate far beyond
the inherent BW of SiPM/LED [21], [22]. A key advantage
of FDE is that it has a lower computational complexity as
compared to time-domain equalization.

III. LINK MODEL AND MAIN ASSUMPTIONS

We consider a typical UWOC link employing intensity
modulation with direct detection. At the Tx, we use the
Lambertian model for the LED radiation pattern Pt [23]:

Pt = PTx
m+ 1

2π
cosm(θ), W/sr, θ ∈ [0, π/2], (1)

where PTx denotes the transmit power and m is the Lambertian
order which is related to the Tx semi-angle at half-power
θ1/2 through the relationship m = −ln(2)/ln

(
cos(θ1/2)

)
.

We consider here an LED with m = 11, corresponding to
θ1/2 ≈ 20◦. We assume that the aquatic channel is frequency
non-selective, i.e., we neglect pulse broadening due to multiple
scattering effect, considering data rates below 100 Mbps. This
is a quite reasonable assumption except in the case of highly
turbid waters [5], [6], [24]. We further assume perfect Tx-
Rx alignment and negligible turbulence. The latter assumption
is valid under the conditions of absence of ocean currents,
negligible variations of salinity and temperature along the
path [25], [26], and improbable beam blocking. To accurately
estimate the channel attenuation for a given link distance
Z, we use Monte Carlo simulations based on the one-
term Henyey-Greenstein phase scattering function model (see
[1], [27] for details). For the case of a horizontal link in
clear ocean waters with the typical chlorophyll concentration
of 0.31 mg/m3 (corresponding to absorption, scattering, and
attenuation coefficients of 0.069, 0.08, and 0.15 m−1) the
channel attenuation as a function of link distance is plotted
in Fig. 2.

At the Rx, denote the signal intensity and the average
photon count at the SiPM output by PRx and µ, respectively.
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Fig. 2. Intensity loss as a function of link distance Z obtained via
Monte Carlo simulations, clear ocean waters with chlorophyll concentration
of 0.31mg.m−3. Tx: LED with m = 11; Rx: FOV= 180◦, active area
9mm2. For Z > 80m, the loss values were obtained via extrapolaition.

The mean photon count can be expanded as [20]:

µ = (ΥPDE PRx /Eph + fDCR) (1 + PAP + PCT)T, (2)

where T is the symbol duration and Eph the photon energy.
The instantaneous photon count µa follows a Poisson distri-
bution with parameter µ [8]. Then the average output count
during T for the case of a PQ SiPM is [20]:

µPQ = µa exp

(
− µa τd

T NSPAD

)
. (3)

Note that due to the limitation of dead-time, the probability
density function (PDF) of the output photon count differs
greatly from a Poisson distribution except at low photon arrival
rates [28], which correspond here to practical operation ranges,
as we will explain later in Section V.
In practice, it is more convenient to work with a photo-current
rather than the number of detected photons, although earlier
work considers a so-called photon-to-amplitude equalizer, e.g.,
[8], [29]. To model the output photo-current, we consider the
SiPM gain G, which is defined as the number of generated
electrons following the detection of a photon. For a given
PRx, the generated photo-current is ip = RPRx, where the
responsivity R is given by R = ΥPDE Gq/Eph and q is the
electron charge [18]. For the case of a PQ SiPM, the output
current will be ip,PQ = µPQ Gq/T .

This photo-current is converted to a voltage by the aid of
a high-speed low-noise trans-impedance amplifier (TIA) with
a transimpedance gain of R. The output is then low-pass
filtered (LPF) prior to time sampling and demodulation (e.g.,
see Fig.3). It can be easily verified that in practice the variance
of the Rx thermal noise is several orders of magnitude smaller
than the signal amplitude and it can be neglected, compared
to quantum noise. We further assume that our system operates
in relatively deep waters so that we can neglect the effect of
background illumination [30]. Thus, the dominant source of
receiver noise is assumed to be quantum in nature.
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Fig. 3. Block diagram of the UWOC link using FDE at the Rx.

As explained in the previous section, to reduce the ISI effect
due to limited component BWs at relatively high data rates,
we perform FDE at the Rx. Consider Fig. 3 where at the Tx,
we arrange the symbols in frames of size N while inserting
a cyclic prefix (CP) at the end of each frame. The CP length
should be equal to that of the aggregate channel (AgC) impulse
response (IR), that includes the IRs of the channel and Tx/Rx
components. At the Rx, after photo-detection and A/D, we
remove the CP from each frame of received signals and then
proceed to FDE. This equalization is realized by taking a
N -point fast-Fourier-transform (FFT) of the received signal
block, a single-tap zero-forcing equalization (EQ), followed
by an inverse FFT (IFFT) to return back to the time domain
(the reader is referred to see [22] for more details). After-
wards, PAM demodulation is done on the equalized signals.
As discussed in the following section, we will refer to this
modulation/demodulation approach as equi-distant (ED) PAM
signaling, which is suboptimal for use in our quantum-noise-
limited system.

IV. SIGNAL TRANSMISSION AND DETECTION

Using uncoded NRZ M -ary PAM (M -PAM), denote the
highest and lowest transmit intensity levels by Pmax and Pmin,
respectively, and define the extinction ratio EXT =Pmax/Pmin.
Note that OOK is a special case with M = 2.

A. ED PAM Signaling

At the Tx, M ED power levels are used. This way, the
PAPR is the same, whatever M . Signal demodulation can
be based on the general approach of likelihood ratio test
or by using a detection threshold µth minimizing the error
probability. As mentioned previously, given the limitation of
the dead-time and also SiPM output saturation for relatively
high received intensity levels (corresponding to short link
distances), the distribution of the detected photo-electrons can
be very different from a Poisson (which applies to the received
photons on the SiPM surface) [28]. Based on [28], it can be
shown that in our application, this is not really constraining
because the concerning link ranges are too short (e.g., less than
one meter for a peak optical power of 1 W). Consequently,
we use the approximation of Poisson PDF for the detected
electrons.

For instance, for the case of OOK modulation, correspond-
ing to On and Off symbols, we have Poisson distributions
with mean SiPM output counts of µPQ,1 and µPQ,0, respectively.
The optimal threshold µth in the sense of maximum likelihood

results in the same error probability on bits zero and one. It
can be easily shown that µth is given by:1

µth = (µPQ,1 − µPQ,0)/ log(µPQ,1 − µPQ,0). (4)

For M > 2, signal detection can be done using (log2M − 1)
detection threshold levels using similar calculations, i.e., re-
sulting in the same error probability for two adjacent symbols
in the signal constellation. This way, the i-th detection thresh-
old µth,i is obtained as follows:

µth,i = (µPQ,(i+1) − µPQ,i)/ log(µPQ,(i+1) − µPQ,i), (5)

where, µPQ,i denotes the corresponding i-th mean signal level.
However, using these thresholds for signal demodulation is not
optimal in our case, as we explain in the following.

B. Optimal PAM Signaling

Recall that in our case the dominant noise source at the Rx
is the quantum (shot) noise whose variance depends on the
received signal intensity [31]. As a result, the optimality of
the detection thresholds presented above is only valid for the
case of 2-PAM. This is due to the fact that the receiver noise
has a higher variance for higher PAM levels where errors are
more likely to occur. This effect can be seen in Fig. 4 that
shows typical histograms of the received photon counts for
the case of 4-PAM signaling.

For a more efficient signaling for M > 2, we use
the so-called square-root transformation (SQRT), proposed
in [32], which allows for the normalization of the Poisson
noise variance. In this manner, the shot-noise distorted Rx is
transformed to a Rx which is affected by a white Gaussian
signal-independent noise. Using this simple transformation,
we can avoid non-uniform signaling that needs rather complex
optimization for calculating the signal constellation [33], [34].
As shown in the block diagram of Fig. 5, we apply SQRT to the
received symbols, and likewise, we do the inverse SQRT at the
Tx [32]. Then, classical signal modulation and demodulation
can be done at the Tx and at the Rx as for the case of a
classical additive white Gaussian noise (AWGN) channel. In
other words, we use ED PAM levels at the Tx before inverse
SQRT, and use ED threshold levels at the Rx after SQRT. Let
us denote the symbols at the input and output of the “Inverse
Square-Root Transform” block in Fig. 5 by x and xsq = x2,

1As explained above, for very short ranges, the SiPM output cannot
accurately be modeled as Poisson-distributed. For such ranges, the simple
threshold-based demodulation is not optimal. However, under such conditions,
the communication link is of poor quality and little data can be conveyed (see
numerical results in Section V). We accordingly exclude such cases in our
Rx design.
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Fig. 5. Block diagram of the UWOC link using inverse SQRT and SQRT processing at the Tx and the Rx, respectively.
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Fig. 4. Example of histogram of detected photo-electrons at the output of
a PQ SiPM for the case of 4-PAM signaling, 1Mbps data-rate, MicroSB-
30020 SiPM, Z = 67.5m, Pav = 0.6W, based on the transmission of 107

equi-probable 4-PAM symbols.

respectively. We also denote the received signal samples (at
the A/D output) by y. Thus,

y = y0 + n ; y0 = αxsq ∗ hAgC, (6)

where ∗ is the convolution operator, hAgC stands for the
normalized IR of the AgC, and α is a constant that includes the
channel loss factor and signal weighting at the Tx/Rx. Also, n
denotes the quantum noise. The variance of each sample of n is
proportional to the corresponding sample of y0. Then, (linear)
channel equalization is done on y before applying SQRT (the
linear convolution model of (6) is valid before SQRT). Now,
denoting the output of the FDE block by yeq, we equivalently
consider the effect of the ensemble of the CP removal and
FDE as that of an equivalent time-domain equalizer of IR
hinv

AgC, where hAgC(n) ∗ hinv
AgC(n) ≈ δ(n). Consequently,

yeq = y ∗ hinv
AgC = αxsq + neq, (7)

where, neq = n ∗ hinv
AgC. Note that the statistics of n in the

frequency domain are not straightforward to model. For the
sake of simplicity, for the analysis of FDE, we do the same
as if we were concerned with a signal-independent AWGN
channel, although n is not independent from y0. Although this
is suboptimal in the sense of channel equalization, we will
show that it still allows a significant improvement in the Rx
performance (designing optimal FDE is beyond the scope of
this paper).

Lastly, the inverse SQRT at the Tx obviously increases the

signal PAPR. However, as we will see in the next section, this
remains quite moderate for the case of M -PAM signaling.

V. LINK PERFORMANCE STUDY

Based on the mathematical model and formulation presented
in the previous sections, we present here a set of simulation
results to study, in particular, the effect of ISI on the link
performance when increasing the data rate, performance im-
provement offered by FDE, the NLD effect of the SiPM, and
the real interest of using non-binary PAM for SiPM-based Rxs.

A. Assumptions and parameter specification

At the Tx, we consider a blue LED at λ = 470 nm, e.g.,
the NICHIA NSPB510AS model [35]. For the reference case
of ED PAM signaling, we fix EXT to 0.2 that permits fast
switching of the LED. Unless otherwise mentioned, we set
the peak optical power Pmax to 1 W, which corresponds to
an average transmit power of 0.6 W and a PAPR of 1.667
(irrespective of M ). We assume that we work in the linear
LED operation range and do not consider any clipping effect
at the Tx. This assumption is quite justified as we will consider
PAM levels up to M = 16 (at most), resulting in a moderate
PAPR, i.e., less than 2.5.

At the Rx, we consider two different SiPM components
from ON Semiconductor R©’s SensL B-series fast blue-sensitive
products [36]: MicroSB-30020 (with a relatively large NSPAD)
and MicroSB-30035 (with a moderate NSPAD) with the detailed
parameters provided in Table I, corresponding to an over-
voltage VOV = 2.5 V and when the “standard output” (anode-
to-cathode readout) of the SiPM is used. No concentrating
lens is used at the Rx to ensure a large Rx field-of-view
(FOV), close to 180◦, which allows better dealing with the
beam misalignments [37]. Additionally, assume perfect chan-
nel knowledge and perfect time synchronization at the Rx, and
no channel coding is used (see [38] on the interest of channel
coding for UWOC links).

The BW limitation of the LED and the SiPM are modeled
by first-order LPFs [8] of 3-dB cut-off frequencies fc,L and
fc,S, respectively. For the considered LED, fc,L ≈ 10 MHz
[8]. Also, according to [36], fc,S ≈ 2 MHz for MicroSB-30035
(when using the standard output). The identical value is used
for MicroSB-30020 since it is not reported on the data sheet.

B. Effect of ISI and Practical Interest of FDE

Let us firstly focus on the case of 2-PAM. As the symbol
rate is increased (i.e., T decreased), the link performance will
be increasingly affected by ISI resulting from the limited
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TABLE I
SIPM PARAMETERS

Parameter MicroSB-30020 MicroSB-30035

Photon detection efficiency, ΥPDE
a 24% 31%

Gain G a 106 3 × 106

Surface area 9 mm2 9 mm2

Microcell size 20µm 35µm
Fill factor αFF 49% 65%
Dark count rate, fDCR

a 6.6 MHz 6.7 MHz
Dead-time, τd

a 100 ns 180 ns
Number of SPADs, NSPAD 10998 4774
Probability of cross-talk, PCT

a 3% 7%
Probability of after-pulsing, PAP

a 0.2% 0.2%

aCorresponding to typical values provided in the data-sheet [36] for an overvoltage of 2.5V.

BW of the Tx/Rx components. To quantify the extent of
the degradation, we have presented in Fig. 6 BER plots for
different data rates. For the bit rate of 1 Mbps, the limited
BWs of the LED and the SiPMs have negligible effect on the
link performance.
Let consider relatively low data rates, i.e., the cases of 1, 2,
and 5 Mbps. We notice a better performance for the MicroSB-
30035 detector, which is due to its larger gain, or in other
words, its higher PDE, compared to the 30020 model (see
Table I). For instance, for 1 Mbps bit-rate and a target BER of
10−6, the link span is limited to ≈ 65.5 m with the former,
compared to ≈ 61.5 m for the latter. However, having a
smaller number of microcells NSPAD, the 30035 detector is
more subject to NLD at relatively short ranges: the limit of
detector saturation being around Z ≈ 2.5 m, compared to 1 m
for the 30020 model.2

In order to better clarify the DR limitation, let us for
simplicity neglect the effects of crosstalk, after-pulsing, and
dark current. Then, according to (2), the average number
of received photons is µ ≈ ΥPDE PRx T/Eph. If again for
simplicity, we assume that the actual photon count µa ≈ µ,
from (3), the reduction in the average photon count at the
output of the PQ SiPM, denoted here by ψ is,

ψ = exp

(
−ΥPDE PRx τd

Eph NSPAD

)
. (8)

It is important to notice that ψ does not depend on T , and
hence, it is independent of the transmission rate. At large Z
values, the term in the exponential becomes very small and,
therefore, ψ → 1. At relatively short Z, however, where PRx
becomes relatively high, ψ causes an important loss in µPQ.
For instance, for Z = 2 and 10 m corresponding to channel
losses of ∼ 66.7 and ∼ 79 dB (see Fig. 2), we have ψ = 0.23
and 0.92 for 30020 detector, and ψ = 3.8 × 10−4 and 0.63
for 30035 detector, respectively.

Consider next the case of relatively high data rates (≥
10 Mbps) where the severe ISI effect results in BER≈ 0.5
(without equalization). When FDE is performed, a substantial

2Recall from Section III that the statistical model that we considered is
not valid for those short ranges. However, the BER is too high at these short
ranges due to SiPM saturation, and hence, the exact statistical model has little
importance.

improvement can be achieved in the link performance. Nev-
ertheless, an increased data rate results in a reduction in the
maximum link range for a given target BER. For instance, for
MicroSB-30020 detector and a target BER of 10−6 (Fig. 6(a)),
the link span is limited to around 41.5, 32.5, 20.8, and 4 m for
bit-rates of 5, 10, 20, and 50 Mbps. This can be explained by
the fact that, for higher data rates, the link suffers from a more
significant frequency selectivity. Although FDE helps reduce
the ISI effect, obviously, we do not attain the performance of
an ideal link. It is worth mentioning that the ZF equalization
that we consider here results in noise amplification at relatively
high frequencies where the LPF transfer function of the AgC
considerably attenuates the signal power. Also, remember from
Section IV-B that we have considered an approximate subopti-
mal formulation for the equalizer. At very high data rates, here
for 50 Mbps, the joint effect of increased noise level (due to
ZF FDE) and decreased effective electrical signal power (i.e., a
small ψ) results in a more noticeable performance degradation
at relatively short Z. This is in particular the case for the 30035
model which supports a lower DR.

C. Link range limitation versus modulation order for M -PAM

Let us now investigate the limitation on the transmission
range Z for the general case of non-binary PAM. At first, we
consider the classical case of ED PAM signaling for which we
have presented in Fig. 7 BER as a function of Z for two SiPM
components. Here, similar to the case of 2-PAM in Fig. 6,
we set EXT and Pmax to 0.2 and 1 W, respectively. Also, the
symbol rate is fixed to 1 Msps (symbols per second), i.e., T =
1µs at which the link suffers from practically no ISI (i.e.,
BER plots coincide with those under infinite fc,L and fc,S). As
expected, by increasing M , more signal-to-noise ratio (SNR) is
required for signal detection, and the link span is accordingly
decreased. We notice that due to the quantum-noise-limited
Rx, we have a rather drastic decrease in the attainable Z by
increasing M for a target BER (compared with [21]).

Now let us consider the case of PAM transmission with
SQRT processing. Due to inverse SQRT done at the Tx, see
Fig. 5, we cannot guarantee the same EXT as in the case of
classical PAM. We hence relax the condition on EXT (or in
other words on Pmin) while keeping Pav = 0.6 W. The PAPR
will be a bit higher compared to the previous case, however.
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Fig. 6. BER versus Z for different bit-rates with and without FDE at the
Rx. Uncoded 2-PAM with EXT= 0.2 (without SQRT), clear ocean waters.
Block size of N = 256. CP is set to 2, 5, 6, 8, and 12 for data rates 2, 5,
10, 20, and 50 Mbps, respectively, adjusted to avoid inter-block interference.
No equalization is necessary for 1Mbps.

Although SQRT is not necessary for the case of 2-PAM, to
make a fair comparison with higher M , we apply also this
transformation to this modulation (EXT will then be different
from in Fig. 6). The corresponding BER plots are presented in
Fig. 7. Note that the plots for the two cases of ED and SQRT
PAM should not be compared directly. Indeed, although we
have the same Pav in both cases, PAM alphabet levels have a
larger distance for the case of SQRT. This can be seen from
Table II, where we have provided the transmit symbols for the
two cases of classical and SQRT PAM signaling for M = 2
and 4 together with the corresponding PAPR. The PAPR at the
Tx for the case of SQRT processing is 1.9231, 2.2277, 2.333,
and 2.3784 for M = 2, 4, 8, and 16, respectively.

From Fig. 7 we can see that irrespective of Pmin, SQRT
processing allows a significant improvement in the link per-
formance for M > 2. Meanwhile, we notice that even the
slight increase in the signal PAPR increases the minimum Z
before the saturation of the SiPM. This is more noticeable for
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Fig. 7. BER versus link distance Z, uncoded M -PAM modulation with
extinction factor EXT= 0.2 for the cases of ED-PAM and PAM with SQRT
processing. Symbol rate of 1Msps corresponding to R = 1, 2, 3, 4Mbps, for
M = 2, 4, 8, 16, respectively. Clear ocean waters. Cases of “2-PAM” and
“2-PAM, SQRT” refer to Pmin = 0.2 and 0.0462, respectively, see Table II.

the 30035 SiPM, which has a smaller NSPAD, hence tolerating
a smaller DR, or in other words, a smaller PAPR.

In order to see the impact of the NLD limitation on the link
performance for higher Tx power levels, we have presented in
Fig. 8 BER plots for the case of PAM signaling with SQRT
and Pav = 6 W (i.e., 10 times increase with respect to the
previous case3) for both SiPM models. The symbol rate is still
set to 1 Msps where we can neglect the BW limitation of the
LED and SiPM. Comparing these results with those in Fig. 7,
we notice the significant increase in the maximum attainable
range, but at the same time, in the minimum operation range of
the Rx, especially for M > 2. For instance, considering non-
binary PAM and a BER of 10−6, the minimum Z is more than

3In practice, the increase in the transmit power can be achieved using
multiple LEDs at the Tx, see for instance the use of 100 LEDs in a recent
prototype in [9]. This way, the response time of the Tx is not affected, as
compared to the case of using a high-power LED with a higher parasitic
capacitance.
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TABLE II
TRANSMIT PAM SIGNAL LEVELS AND THE CORRESPONDING PAPR

ED PAPR SQRT PAPR
2-PAM 0.2 1 1.667 0.0462 1.1538 1.9231
4-PAM 0.2 0.4667 0.7333 1.0 1.667 0.0535 0.2911 0.7188 1.3366 2.2277
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SQRT is performed on the transmit PAM symbols. Symbol rate of 1Msps
corresponding to R = 1, 2, 3, 4Mbps, for M = 2, 4, 8, 16, respectively.
Clear ocean waters. Pav = 6W. 20 and 35 on the figure legend refer to
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Fig. 9. BER versus link distance Z for data rates of 5, 8, and 10Mbps when
no FDE is performed at the Rx. Uncoded M -PAM, M = 2, 4, 8, with SQRT,
MicroSB-30020 SiPM, clear ocean waters, Pav = 6W.

8 and 24 m for 30020 and 30035 SiPMs, respectively.

D. M -PAM and FDE

To see the interest of using non-binary PAM for increasing
the data rate, we study the BER performance for 2, 4, and
8-PAM modulations using SQRT and the MicroSB-30020 de-
tector. At first, we perform no channel equalization at the Rx,
e.g., for the reasons of reducing implementation complexity.
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Fig. 10. BER versus link distance Z for data rates of (a) 4, 8, 15Mbps,
and (b) 20, 35, 50Mbps with FDE at the Rx. Uncoded 2, 4, and 8-PAM
modulation with SQRT, MicroSB-30020 SiPM, clear ocean waters, Pav =
6W, block size N = 256 symbols. For instance, CP is set to 4, 6, 7, 8, 10,
and 12 for 2-PAM and data rates 4, 8, 15, 20, 35, and 50Mbps, respectively.

We have presented the BER plots for the data rates of 5, 8, and
10 Mbps in Fig. 9. As expected, by increasing the data rate, the
ISI effect becomes increasingly important and penalizes the
BER performance. Meanwhile, we notice the interest of using
non-binary PAM, except for the relatively low data rate of
5 Mbps where the ISI effect is not severe enough. This is due
to the higher BW efficiency of non-binary PAM, compared
with binary PAM. The advantage of 4- and 8-PAM over 2-
PAM for data rates of 8 and 10 Mbps is indisputable.

Let us consider now the case where FDE is performed at
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the Rx. We have presented the BER plots versus Z in Fig. 10
for the data rates 4, 8, and 15 Mbps in Fig. 10(a) and 20, 35,
and 50 Mbps in Fig. 10(b). The latter considers relatively high
data rates with a more significant impact of ISI. We firstly
notice from Fig. 10(a) that for “moderate” data rates, 2-PAM
remains the most efficient scheme. However, it is seen that for
the data rate of 15 Mbps, the performance of 2-PAM becomes
severely affected, due to significant AgC frequency selectivity.
If we consider the data rate of 20 Mbps, which corresponds to
symbol rates of 20, 10, and 6.7 Msps for the cases of 2, 4, and
8-PAM, respectively, we notice from Fig. 10(b) that there is no
clear advantage of using non-binary PAM except for ranges
below ≈ 48 m where 4-PAM performs better. For 35 Mbps
data rate, the Z interval where 4-PAM outperforms 2-PAM is
larger, and for 50 Mbps, it almost always outperforms 2-PAM.
Meanwhile, the advantage of 8-PAM is not really convincing,
which can be explained by the fact that for a fixed Pav, 8-PAM
is more subject to demodulation errors than 4- and 2-PAM.

We have summarized the results of Figs. 9 and 10 in the
scatter plot of Fig. 11, which shows the maximum attainable
link span versus a desired data rate for a target BER of (at
most) 10−5. Hollow and filled markers represent the case of
PAM signaling without and with FDE at the Rx, respectively.
The absence of marker for a given data rate signifies that the
modulation scheme cannot be used, i.e., the BER will exceed
10−5. This is, for instance, the case for 2-PAM (without FDE)
at data rates larger than 5 Mbps, where we can clearly see
the interest of using 4- and 8-PAM. When performing FDE,
non-binary PAM schemes become advantageous at very high
data-rates, where the AgC becomes highly frequency selective,
here for data rates higher than ∼ 20 Mbps.

VI. CONCLUSIONS AND DISCUSSIONS

We considered the use of non-binary PAM modulation
for UWOC links where an SiPM is used at the Rx for

signal detection. We presented a detailed formulation for the
transmission link that took into account the parameters of the
Tx, the Rx, and the aquatic channel, while assuming that this
latter does not introduce any pulse broadening. We focused on
the limitation on the data rate due to the limitations on the LED
and the SiPM BW, as well as on the SiPM DR. We showed
how a detector with a larger number of SPADs helps work in
relatively short ranges, especially for relatively high transmit
powers (which is usually the case in UWOC systems) as
well as for using larger modulation orders M . The substantial
performance improvement achieved by channel equalization
in the Rx was shown for symbol rates much higher than
the LED/SiPM BWs, where the induced ISI can render the
link nonoperational. The considered channel equalization can
be further optimized, in particular, to account for the signal
dependent noise, which is the subject of on-going research.

Considering non-binary PAM modulation, we also eluci-
dated the interest of using SQRT processing to deal with the
signal-dependent quantum noise at the Rx. We also showed
that using non-binary PAM is advantageous as compared
with 2-PAM only for relatively high data rates, where the
communication link can suffer from severe ISI. Note that
we considered in this paper the case of uncoded modulation.
The performance gain will be more considerable when error
correction coding is performed [38].

In the following, we discuss some other important points
regarding the presented study.

• Achievable data-rate:
We considered in this study data rates up to 50 Mbps; the
main limitation arising from the limited BW of the LED
and the SiPM. Higher data rates can be readily attained by
using LEDs with a larger BW or ultimately laser diodes
at the Tx. Note that all over-Gbps UWOC links reported
in the recent literature, e.g., [10], [11], consider the use
of lasers at the Tx. The Rx BW can also be increased
by using SiPMs with a smaller active area, yet, resulting
in a more significant geometric loss, or equivalently, a
reduced link span for a target BER.

• Achievable transmission range:
The achievable maximum transmission range in the pre-
sented results may seem rather moderate. Longer spans
can be attained with higher Tx powers, e.g., by using
multiple LEDs (rather than using a high-power LED that
could have a slow response). This way we can obtain a
high transmit power while keeping a fast switched Tx.
For instance, for an average transmit power of 100 W, a
link span of about 152 m can be achieved for the 30020
detector for a bit rate of 1 Mbps and a target BER of
10−4. Obviously, a larger received power can also be
obtained by using a lens at the Rx, but this will limit the
Rx FOV, necessitating more precise beam pointing and
tracking. Similarly, concerning the emitter beam width,
which was considered about 20◦ in this paper, a trade-
off should be made in practice between relaxing beam
pointing constraints and the attainable transmission range.

• Background noise effect:
Although we neglected the effect of background noise, it
can severely affect the Rx performance due to the high



10

sensitivity of SiPMs. In a recent study [39], the impact
of solar background noise on the link performance was
investigated for a worst-case scenario, i.e., sun at the
zenith and the Rx plan directed towards the sea surface,
this way, capturing the maximum solar irradiation [30].
It was shown that for the case of clear ocean waters and
considering OOK modulation and the MicroSB-30020
SiPM model, for operation depths (with respect to the
Rx) larger than ∼ 250 m the link performance is not
practically affected by the background noise [39]. This in
fact sets the pessimistic minimum depth, beyond which
the link is not subject to solar noise.

• Other simplifying conditions:
Another important assumption that we made concerned
perfect time synchronization and perfect channel knowl-
edge for signal demodulation at the Rx. Both synchro-
nization and channel estimation can be done using some
training sequences, which is rather classical in the context
of wireless communications. For typical UWOC links
using intensity modulation and direct detection and op-
erating under quasi-static channel statistics, these tasks
are even much simpler to realize. For instance, using a
very negligible pilot overhead, an almost perfect channel
estimate can be obtained (see [40], [41] or the similar
case of free-space optics).
We also considered in the presented results some sim-
plified conditions for the aquatic channel, e.g., clear
ocean waters with relatively low scattering and absorption
effects, and absence of water turbulence. The presented
study remains nevertheless relevant in general. For in-
stance, in the case of higher turbidity waters, FDE can
remedy the effect of pulse broadening. Also, water turbu-
lence and background noise effects can be reduced using
diversity techniques and channel coding, respectively.
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