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Avalanche Diode Underwater VLC System

Using ARQ

Taniya Shafique, Osama Amin, Mohamed Abdallah, Imran Shafique Ansari,

Mohamed-Slim Alouini, and Khalid Qaraqe

Abstract

Single photon avalanche diode (SPAD) has recently been introduced as a powerful detector for long

distance underwater visible light (UVLC) communication. In this paper, the performance of the SPAD

detector in UVLC is analyzed considering the effect of the turbulence induced fading resulting from

air bubbles in addition to the combined effect of attenuation and scattering. Automatic repeat request

(ARQ) system is adopted to mitigate different underwater impairments and reduce the error probability

at the receiver side. Approximate packet error rate (PER) expressions are derived using Laguerre Gauss

polynomial for a finite number of transmission. Next, the average energy efficiency and throughput are

analyzed to account for the increased energy consumption cost and the decreased effective transmission

rate, which results from adopting the ARQ scheme. Finally, different numerical results are introduced to

verify the derived PER expressions, demonstrate the ability of the proposed ARQ system in extending

the transmission range, and show the trade-off between energy efficiency (EE) and throughput.

Index Terms

Underwater visible light communication (UVLC), optical wireless communications, single pho-
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I. INTRODUCTION

Developing robust and efficient underwater communication links has drawn great attention

to support different applications in scientific, military and industrial fields. Unlike traditional

terrestrial radio communications, the underwater communication faces distinct environmental

challenges such as water turbidity, temperature variation, salt concentration, waves and bubbles.

To this end, different underwater communication technologies have been introduced to exchange

data for different communication ranges. Radio frequency technology can support high data rates

for few meters where the electromagnetic waves are heavily affected by propagation loss. On

the other hand, acoustic technology has a very limited data rate but can support large distances

[1]. Two-way underwater acoustic systems are realized by continuous automatic repeat and

request (ARQ) protocol using half-duplex communications. The continuous ARQ protocol is

used instead of stop-and-wait ARQ to compensate the long propagation delay of the underwater

acoustic system [2]. Both the acoustics and the radio frequency technologies lack the tendency to

meet the demands of future underwater wireless communications such as high data rates for long

distances. To support higher data rates than the aforementioned technologies, optical wireless

communication has been introduced as a possible candidate for underwater communications [3].

Optical wireless communication is carried out through a 400 THz band that includes infrared,

visible and ultraviolet sub-bands. Visible light communication has many promising practical

applications that make use of the existing infrastructure while meeting the illumination constraints

such as indoor high-speed communication and localization [4]–[6]. Moreover, visible light com-

munication is adopted for underwater communications due to the wavelength sensitivity of light

propagation, where the green/blue wavelength (450 nm - 520 nm) offers the least attenuation

[7]. Underwater visible light communication (UVLC) can be used in different environmental

applications as in the oil and gas field, where some water data, such as temperature and pH, needs

to be measured and collected from different regions [8], [9]. UVLC has major impediments such

as turbidity that can lead to signal absorption and scattering. Hence, the UVLC communication

range may decrease for less than 100 m, which motivates developing new techniques to support

long ranges with high data rates [10]–[12].

Optical communication applications need detectors with fast response times; therefore, positive-

intrinsic-negative (PIN) diodes and avalanche photon diodes (APDs) are widely used to meet

the high-speed requirements. However, both PIN diodes and APDs are not suitable for less
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sensitive optical applications where the communication distance is large and/or the optical signal

is weak. Single photon avalanche diode (SPAD) is designed to detect weak optical signal, where

it operates with a higher reverse-bias voltage than the APDs. The operating voltage is well above

the breakdown voltage to allow the operation in Geiger mode rather than the linear mode in APD

permitting photons counting [13]–[16]. The high sensitivity characteristic of SPAD detectors was

used to develop a reliable communication through long pipes in oil and gas industry without

any ambient light in [15]. An accurate channel model based on two exponential terms was

proposed in [17] to capture the long distance UVLC channel for SPAD based systems. The

impact of turbulence was considered in signal space constellation design for multi-input-multi-

ouput UVLC system that uses SPAD for detection in [18]. To this point and to the best of the

authors’ knowledge, there is no much effort paid to develop robust communication schemes for

UVLC with SPAD detectors to mitigate the turbulence, moving obstacles and support high data

rates for large distances.

In this paper, we propose using ARQ with finite transmission rounds in UVLC with SPAD re-

ceiver to support long range reliable communication against turbulence and moving obstacles. The

proposed ARQ retransmission scheme aims to maintain acceptable quality of service (QoS) by

targeting error free communication using one-bit feedback. Despite of the expected performance

gain in terms of average error probability for the proposed ARQ-system, the energy consumption

gradually increases with multiple trials to deliver the data correctly, especially, in poor quality

channel. Therefore, we study the energy efficiency (EE) and throughput in addition to the average

error probability to judge on the overall system performance from different perspectives. The

contribution of our work is summarized as follows:

1) Analyze the average error probability of UVLC with SPAD detector assuming large scale

fading model of two exponential terms that is suitable to long distance communications

in addition to the impact of turbulence that is modeled as lognormal distribution and shot

noise.

2) Propose using ARQ with finite number of transmissions for UVLC with SPAD detector

and analyze the average error probability.

3) Analyze the throughput and average EE for a finite number of transmissions.

4) We numerically evaluate the average error probability, EE, and throughput and discuss the

tightness of approximated analysis to numerical results.
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The remainder of manuscript is organized as follows. First, we describe system for the ARQ

technique in Section II. In Sections III, IV, and V, we derive the analysis for PER, throughput,

and average EE for the proposed system, respectively. In Section VI, we present the numerical

results that inspect the average throughput, EE, and PER for ARQ. Finally, we conclude the

paper in Section VII.

II. SYSTEM DESCRIPTION

In this section, we first describe the UVLC channel model, then we describe the received

signal model in detail and finally discuss the ARQ scheme.

A. Channel Model

Underwater optical channel is subjected to different major impairments such as inherent energy

loss and turbulence. The energy loss of transmitted optical signal is done by photons and other

particles causing absorption and scattering, respectively. We use the two exponential power loss

model for long distance underwater channel that is expressed as [17],

h(z) = A exp(−Bz) + C exp(−Dz). (1)

where z represents the distance in meters and the parameters A,B,C and D are obtained by

Monte Carlo numerical simulations [7], [17], [19].

The propagation of the optical signal can be also impeded by the turbulence that introduces

sudden variations due to the change in refractive index. The main sources of such phenomena are

temperature, salinity and the underwater air bubbles. The channel fading amplitude is modeled

with lognormal distribution as

fα(α) =
1

2α
√

2πσ2
X

exp

(
−(ln(α)− 2µX)2

8σ2
X

)
, (2)

where µX and σ2
X are the mean and the variance of the Gaussian distributed log-amplitude factor

X = 0.5 lnα. To normalize α such that E[α] = 1, we impose µX = −σ2
X [18], [20]. Now we

can mathematically express the joint channel impulse response hn(z) for our UVLC scenario as

hn(z) = αn h(z). (3)

where n is the retransmission index that corresponds to the n-th ARQ round.
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B. Transmission Model

We assume a single UVLC link with a light emitting diode (LED) or a laser diode (LD)

at the transmitter and a SPAD at the receiver side. For the pointing concern we assume that

LED/LD is in the line of sight with the SPAD and the field of view of detector is wide enough

to get the optical beam transmitted through source and provided symbol interference free link for

under water optical communication. We use intensity modulation and direct detection (IM/DD)

technique, because of its low cost and ease of implementation in UVLC systems. Orthogonal

on-off keying is used as a transmitted signal in this work with off signal with LED transmitted

power Ps = 0 and on with Ps = 2P0, achieving average power P̄s = P0. Each information

packet consists of L symbols that are represented as s = [s(1), s(2), · · · , s(L)] where ` is index

to the symbol and ` = 1, 2, · · · , L. We assume that each channel is independent and identically

distributed (iid) with lognormal mean 2µX and variance 2σ2
X . Moreover we assume quasi static

channel that employs each transmitted packet suffers from independent fading with coherent

time longer than the packet duration. The received number of photons at the n-th transmission

for the `-th symbol at the SPAD detector is mathematically expressed as

rn(`) = ζαn(`)s(`) + n0, (4)

where n0 is the shot noise that represnts the random received number of photons in case of no-

transmission, i.e., when s(`) = 0. To model the photon counting, Poisson statistics are adopted,

with n0 ∼ poisson(λ0) where λ0 = NDCRTb is the average number of received photons when

s(`) = 0 with NDCR denotes the dark count ratio of the SPAD receiver in the presence of the

shot noise and Tb represents the bit time duration [21]. On the other hand, when s(`) = 1, the

average received number of photons is λ1 = Eα2ζPs + λ0, where ζ = TbGtηη0hc, η = CPDE

E

where CPDE is the photon detection efficiency, E is the energy of a photon in water, hc is the

well known Planks constant, η0 is the gain of the optical system, which captures field-of-view

angle of the SPAD and Gt is the intensity gain [17]. Throughout our study, we assume that

transmitter and receiver planes are aligned to the light beam such that the receiver is able to

effectively detect the light beam [17].

Figure 1 shows the effect of different µX and σ2
X of the lognormal random variable on

the original density function of received data. As a benchmark, the unfaded received signal

distribution is depicted in Subplot 1 where λτ is denoting the threshold used to decide about the

transmitted bit. The rest of Subplots show different faded scenarios for different values of µX
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Fig. 1. log normal fading affect on data transmission through shot noise for different µX and σ2
X .

and σ2
X . It is clear that µX scales the density while σ2

X adds randomness to the original density

as in subplot 2. Subplot 4 depicts the µX and σ2
X corresponding to weak turbulence scenario.

C. Automatic Repeat Request Scheme

We assume using ARQ scheme where the system requests packet retransmission if it is not

decoded successfully according to the cyclic redundancy check (CRC). The threshold decision

(λτ ) of whether 0 or 1 is received is based on the received number of photons. We use the optical

criteria in [17] to obtain the threshold, which comes actually from the number of received photons

at the SPAD detector. The transceiver continues to retransmit the packet until packet is received

correctly or maximum transmission limit N is met. We use one bit feedback per packet and

assume the existence of an acoustic feedback channel, which is typically available for underwater

communication. Moreover, we assume limited transceivers capabilities that use uncoded signals,

which lead to inferior performance to the ARQ systems with adaptive modulation and coding.
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In the following Section, we analyze the error probability for ARQ system with a maximum of

N transmissions.

III. ERROR PROBABILITY ANALYSIS

In this section, we aim at evaluating the average packet error rate (PER) of the ARQ scheme

for a maximum of N transmissions to deliver a data packet with L symbols which include 1

bit/symbol. To this end, we first express the average bit error rate (BER), then we develop the

PER expression considering N ARQ transmission rounds.

Proposition 1. The BER of a SPAD receiver in UVLC link subjected to a lognormal turbulence

is expressed as,

Pe =
1

2

(
1−

λτ∑
r=0

λr0
r!

exp(−λ0)

)
+

1

4
√

2πσ2
X

exp(−λ0)
λτ∑
r=0

λr0
r!

r∑
j=0

(
r

j

)
κr

NP∑
i=1

wiy(Xi) (5)

with κ =
ζ2Ps

λ0
and y(Xi) is expressed as

y(Xi) =
Xr−1
i

(2ζPs)r
exp

(
−

(ln( Xi
2ζPs

)− 2µX)2

8σ2
X

)
, (6)

where Xi is the i-th zero of Laguerre polynomials and wi is the corresponding weight defined

as wi = xi
(NP+1)2[Ln+1(Xi)]

2 [22, page 890] 1.

Proof. The distribution of the received number of photons when s(`) = 0 and s(`) = 1 is

expressed, respectively, as

p(r, λ0) =
λr0
r!

exp(−λ0),

p(r, λ1) =
λr1
r!

exp(−λ1).
(7)

The BER for a given turbulence α is expressed as,

Pe/α =
1

2

(
1−

λτ∑
0

λr0
r!

exp(−λ0) +
λτ∑
0

λr1
r!

exp(−λ1)

)
, (8)

where the optimum detection threshold is expressed for a given α in [17] as λτ = d ζ2PsEα

ln
(
1+ ζ2PsEα

λ0

)e.
Then, we take the expectation of (8) over lognormal channel obtaining

Pe =
1

2

∫ ∞
0

[
1−

λτ∑
r=0

λr0
r!

exp(−λ0) + exp(−λ1)
λτ∑
r=0

λr1
r!

]
fα(α)dα (9)

1See formula 25.4.45 and Table 25.9 for Xi and wi.
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pεN =

1−

(
1

2
− 1

2

λτ∑
r=0

λr0
r!

exp(−λ0) +
1

4
√

2πσ2
X

exp(−λ0)
λτ∑
r=0

λr0
r!

r∑
j=0

(
r

j

)
κr

NP∑
i=1

wiy(Xi)

)L
N

(14)

The first two terms in above equation are independent of the lognormal distribution, so we need

only to solve the third term, which is written as

I =
1

2
exp(−λ1)

∫ ∞
0

λτ∑
r=0

λr1
r!
fα(α)dα. (10)

Then, by simplifying (10) using binomial theorem, we get

I =
1

4
√

2πσ2
X

exp(−λ0)
λτ∑
r=0

λr0
r!

r∑
j=0

(
r

j

)
κr
∫ ∞
0

exp(−ζα2Ps)α
r−1 exp

(
−(ln(α)− 2µX)2

8σ2
X

)
dα.

(11)

To solve (11), we first change the variable as α = X
ζ2Ps

obtaining

I =
1

4
√

2πσ2
X

exp(−λ0)
λτ∑
r=0

λr0
r!

r∑
j=0

(
r

j

)
κr
∫ ∞
0

exp(−X)
Xr−1

(2ζPs)r
exp

(
−

(ln( X
2ζPs

)− 2µX)2

8σ2
X

)
dX,

(12)

then, we approximate the integral in (12) numerically by using Laguerre-Gauss Quadrature

polynomial [22, page. 890] and get the following approximation that depends on number of

terms NP,

I =
1

4
√

2πσ2
X

exp(−λ0)
λτ∑
r=0

λr0
r!

r∑
j=0

(
r

j

)
κr

NP∑
i=1

wiy(Xi), (13)

where y(Xi) and wi where Xi is the i-th zero of Laguerre polynomials and wi is the cor-

responding weight [22, page 890]. Now by substituting (13) in (9), we get (5) and prove

Proposition 1.

Proposition 2. The packet error probability pεN of UVLC system with a SPAD detector and

ARQ scheme with a maximum of N transmissions and L bits per packet is expressed in (14).

Proof. Under the assumption of independent identically distributed (iid) lognormal fading chan-

nels, the probability of receiving an error-free packet of length L bits in each transmission is

pc = (1−Pe)
L. Moreover, the probability of receiving a packet with errors after n transmissions

is pεn = (1− pc)n. Therefore, the PER after N transmissions is expressed as

pεN = (1− pc)N =
(

1− (1− Pe)
L
)N

. (15)
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Then, by using the results of Proposition 1 and (15), we get (14) and prove Proposition 2.

IV. THROUGHPUT ANALYSIS

ARQ schemes succeed to reduce error probability significantly by allowing packet retrans-

missions. However, increasing N may degrade the transmission rate of the UVLC with SPAD

detector systems. Therefore, it is imperative to evaluate the performance of the proposed system

based on the throughput, denoted as η̄(N), through the following proposition.

Proposition 3. The throughput η̄(N) achieved in UVLC with SPAD detector and ARQ with

maximum N transmission attempts to deliver a packet of length L bits is expressed as,

η̄(N) =
N∑
n=1

R

n
(1− pε1)

(
1− (1− Pe)L

)n−1
. (16)

Proof. The average throughput of the ARQ retransmission scheme for N rounds of transmission

is written as the average N discrete events as

η̄(N) =
N∑
n=1

Rnfn, (17)

where Rn is the rate of each event that is given as Rn = R
n

and fn is the corresponding

event probability representing the error-free detection of the data packet after exactly the n-th

transmission, which is expressed as a function of the packet error rate as,

fn = ( 1− pε1)Pεn−1 ,

= (1− pε1)
(

1− (1− Pe)L
)n−1

(18)

Thus, by substituting (18) and Rn in (17), we obtain (16), which proves the Proposition 3.

V. ENERGY EFFICIENCY ANALYSIS

Energy consumption is one of the important designing aspects in next generation wireless

networks [23]. The proposed ARQ based system pays extra energy with each retransmission to

reduce error probability. Therefore, we need to monitor the energy consumption of the proposed

system, where providing substantial energy sources is not always manageable. As such, we

analyze the average EE defined as the ratio between successfully received data in bits and the

corresponding energy consumption in the following proposition.
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Proposition 4. The average EE η̄EE(N) required to deliver a packet of L bits successfully using

a maximum of N transmission attempts in UVLC system with SPAD detector is expressed as,

η̄EE(N) =
N∑
n=1

R

nPs

(1− pε1)
(

1− (1− Pe)L
)N−1

(19)

where Ps represents the average power required for single transmission.

Proof. Similar to proof of proposition 3, one can follow similar steps to prove (19) for N ARQ

transmission rounds with the average power transmitted in each transmission is Ps.

VI. SIMULATION

In this section, we investigate the PER, throughput and EE performance of the proposed

ARQ method for the proposed SPAD receiver system with log normal fading and underwater

adsorption and scattering using analysis and monte Carlo simulations with respect to different

system parameters. The parameters for channel impulse response due to absorption and scattering

in coastal water are given in Table I. In simulation setup, we consider packet size of length

L = 50 bits transmitted over log normal fading channel. We assume that channel is quasi-

static channel for one transmission round hence each channel realization is independent for each

symbol in first and subsequent transmission round of ARQ in case of CRC failure. We use

NP = 25 point Laguerre-Gauss method to approximate the integral in (12). Throughout the

following numerical results, unless otherwise specified, we assume the data is transmitted with

rate R = 1 Kbits/sec and transmitted with average transmission power per symbol Ps = 30dBm

and α ∼ logN (−σ2
X , σ

2
X), where σ2

X = 0.0625. The constants meters used for SPAD and UW

optics are also given in Table II. The plotted results depict PER, the throughput, and EE for

ARQ with N transmission versus different system parameters such as power, N and distance.

We provide comparison of analysis and simulation for PER versus different parameters and

the results demonstrate that the analysis provides tight bound to the PER simulation, whereas,

we evaluate throughput and EE numerically using analysis knowing that EE and throughput are

function of PER and analysis provides close bound on packet error. Moreover we use optimal

threshold detection λτ for both simulation and analysis.

To this end, we first investigate the PER from simulations and PER analysis from (14) vs

distance for different number of transmission rounds N in Figure 2. The result shows that analysis
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TABLE I

MONTE CARLO NUMERICAL (MCS) SIMULATION PARAMETER FOR OCEANIC WATER

A 0.0519135

B 0.1592843

C 0.1189797

D 0.5071980

TABLE II

PARAMETERS FOR SPAD AND OPTICAL COMMUNICATION

parameter values

(CPDE) 0.35

(NDCR) 50

Tb 100msec

Gt 3.95

η0 41.791044

η 9.353X1017

is very close to simulation for N = 1, 2, 3 and 4 and this marginal gap between PER from

analysis and simulation demonstrates the accuracy of PER analysis in (14) for optimal threshold

on detection λτ . Moreover, its is clear from the Figure 2 that underwater communication is highly

sensitive to distance even using SPAD receivers, and PER decline with the increase in distance.

Result also depicts that PER performance of ARQ round proliferates at smaller distance with

increase in N , while as the distance increase the effect of N starts to diminish and all PER

curves converge to single transmission that is, for N = 1 for larger distance after 145 m.

The Figure 3 represents the PER with versus power for N ARQ rounds. The simulation and

analysis result shows that by increasing power the PER decreases for N = 1, · · · , 4. Furthermore

the figure also elaborates the fact that at low power Ps < 26, N does not plays a significant role

and for all N the PER converges to single transmission and similar to Figure 2, PER simulation

and PER analysis are marginally tight.

In this Figure 4, PER comparison is plotted versus different N , depicts that increasing the
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Fig. 2. Average PER performance comparison using analysis and simulation vs distance for N = 1, 2, 3 and 4 for Ps = 30

dBm.
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Fig. 3. Average PER performance comparison using analysis and simulation versus power Ps for N = 1, 2, 3 and 4 for distance

z = 130.

number of ARQ rounds N increases the probability of error-free detection of packet for all Ps.

Moreover, it also shows that analysis provides the tight bound on PER.

The Figure 5 represents η̄EE comparison with respect to distance for N = 1, 2, 3, 4 and 5. The
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Fig. 5. Average EE for ARQ versus distance for different transmission rounds N .

numerical result suggests that η̄EE decreases as the transceiver distance increases for all N . Note

that η̄EE shows a considerable gain by increasing N but after as N increases to higher values

the η̄EE starts to converge and this trend is observable because EE for N = 4 and N = 5 are

very tight.
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Fig. 6. Average EE for ARQ versus power Ps (dBm) with different N .

In Figure 6, the trade-off relationship between EE and throughput is expressed versus different

transmitted power and their comparison is provided. We observe the well-known relationship of

EE versus the power Ps, that is increasing the power Ps improves the EE till the optimal EE point

is reached after that EE starts to degrade by increases in Ps, showing the unnecessary power

transmission. While throughput is directly proportional to the power. However using different

transmission round helps to increase EE and throughput performance before the convergence is

achieved for Ps > 36dBm. The values of the constants are given in Table II.

VII. CONCLUSION

In this paper, we derive the expression for packet error rate in presence of lognormal turbulence

and shot noise. These performance analysis is proposed in such a way to study the effective

parameters such as power, distance and number of transmission rounds to target error-free

communication using SPAD to acquire longer communication range. We also obtain the results

using monte Carlo simulations and provide the comparison of PER using simulations and analysis

versus different parameter and results demonstrate the subtle gap that shows the effectiveness

of analysis using 25-points Laguerre-Gauss Quadrature approach. Given that analysis provides

tight bound to simulation, we also analyzed the effective throughput and EE for the truncated

ARQ with N rounds and their trade-off.
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