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Impact of ARQ on the Performance of Underwater
Acoustic MIMO Mobile Networks

Andrej Stefanov

Abstract—The paper considers the average frame error
probability (FEP) of mobile underwater acoustic networks
consisting of autonomous underwater vehicles (AUV’s) with
multiple transmitters and receivers (MIMO). The MIMO
AUV's utilize multihop transmissions to route the information
through the network. It is assumed that an automatic repeat
request (ARQ) protocol is implemented on a hop-by-hop basis.
In particular, the stop & wait protocol is considered. The
mobility model is direction persistent. Each channel
experiences frequency dependent path loss, Ricean fading and
interference. Numerical examples illustrate the average route
FEP performance.
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1. Introduction

There have recently been a number of studies of
underwater acoustic networks [1-6]. These have been
motivated in part by the need to perform sensing and
surveying of underwater areas with numerous potential
applications such as general oceanographic needs [7],
monitoring of marine biology and/or oil and gas fields,
detection of submarines etc. Networks consisting of AUV’s
that offer mobility and are equipped with multiple
transmitters and receivers in order to improve the link
reliability may represent a particularly appealing choice in
this regard.

The paper studies the average FEP of underwater
acoustic mobile networks with an ARQ as a means of
improving the network reliability. The AUV's have multiple
transmitters and receivers. The FEP is evaluated across a
multihop route of MIMO AUV’s. It is assumed that the stop
& wait ARQ protocol is implemented on a hop-by-hop
basis. The multihop routing is done by utilizing a modified
version of the reserve listen and go transmission protocol
based on the inclusion of request-to-send (RTS) and clear-
to-send (CTS) messages before the transmission takes place
with the aim of reducing the impact of interference from
other transmissions in the network [8]. The mobility model
is direction persistent. Each transmission link experiences
frequency dependent path loss and independent Ricean
fading.
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The paper is organized as follows. The model for
underwater acoustic propagation is outlined in Section II.
The impact of ARQ on the average FEP of a multihop route
across the mobile underwater acoustic network is evaluated
in Section Ill. Section 1V illustrates the average FEP
performance with ARQ of the underwater acoustic mobile
network with MIMO AUV's by numerical examples. Section
V concludes the paper.

n. Underwater Acoustic
Propagation

Underwater acoustic propagation undergoes a path loss
given by

A(d, f) = Aod*a(f)? o))

where A, is a unit-normalizing constant that incorporates
fixed losses, d is the transmission distance, f is the
frequency of the transmission, a(f) is the absorption
coefficient and « is the spreading factor (1 <x < 2). The
absorption coefficient a(f) given in dB/km is [9]

10loga(f) =

where f is in kHz. The validity of the formula extends to
frequencies above few hundred Hz.
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The ambient noise in the ocean can be modeled as
consisting of turbulence, shipping, waves and thermal noise,
described by Gaussian statistics and continuous power
spectral densities (p.s.d.’s). The noise components have
formulae that give their p.s.d.'s in dB re pPa per Hz as a
function of frequency in kHz [9]:

10logN.(f) = 17 —30logf,
10log Ns(f) = 40+ 20(s — 0.5) + 26log f
—601og(f +0.03),
10log Ny, (f) = 50 + 7.5Vw + 20log f
—401og(f +0.4),
101log Ny (f) = —15 + 20 log f, (3)

where s is the shipping activity factor and w is the wind
speed in m/s. The total p.s.d. of the ambient noise is

N(f) = Ne(f) + Ns(f) + N (f) + N (). (4)
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m. Mobile Network Setup

The section describes the transmission protocol and the
mobility model utilized by the mobile underwater acoustic
network consisting of MIMO AUV's. It evaluates the
average route FEP through the network in the case when the
stop & wait ARQ protocol is considered on a hop-by-hop
basis.

A. Transmission Protocol

It is assumed that the network utilizes a modified version
of the reserve listen and go transmission protocol along the
multihop route from the source to the destination [10]. The
modification is based on the inclusion of request to send
(RTS) and clear to send (CTS) messages before the
transmission phase, where the transmitter awaits the
reception of the CTS message before commencing with
packet transmission [8]. This reduces the possibility of
interference from other network transmissions. Nonetheless,
interference may still occur. The interferers whose distance
to the destination is greater than the distance between the
source and the destination may contribute to the
interference. Assuming constant p.s.d. S for all interferers,
the interference can be described by

cS
A(dLf)

I(f) = (®)
where d; is the distance between the destination and the
interferers and c¢ is a constant indicating the number of
interferers (we let, c = 6). As there are multiple interferers,
a Gaussian interference with p.s.d. I(f), is considered. The
signal to interference plus noise ratio (SINR) is illustrated in
Figure 1, when the distance between the source and the
destination is d = 1.5 km. The transmit p.s.d. is S = 105 dB
re uPa per kHz. It can be seen that in both cases the SINR
decreases as the distance to the interferers decreases from
dy =2d,tod; = 1.75d, and d; = 1.5d.
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Fig. 1. SINR for d = 1.5 km.

B. Mobility Model

It is assumed that N AUV’s are deployed over a network
with circular area A. The density of AUV’s is p = N/A. It
is assumed that the network density is constant which means
that AUV’s neither enter nor leave the network. This could
be a model for a network of AUV’s surveying a specific
commercial

area for environmental, scientific, and/or

objectives [11, 12].

2

Fig. 2. AUV’s: time = t.

As the direction persistent mobility model is considered,
the direction and the speed of the AUV’s are constant for the
duration of the packet. The route’s links are assumed to be
independent with respect to the AUV’s mobility. The
AUV’s mobility status at packet reception is independent
from the mobility status at packet transmission on the route's
next hop.

Fig. 3. AUV’s: time =t + T.

The mobility of the AUV’s is specified by the speed and the
direction angle. The distance between AUV’s at time t is d,
as shown in Figure 2. AUV a moves with speed v, at an
angle 6, (the angle between v, and the horizontal axis).
AUV b moves with speed v, at an angle 6,,. At timet + T,
as shown in Figure 3, the distance between the AUV’s is d,,
given by [10]

d, = (d? + T?uy — 2T%u, + 2dTu;)/? (6)

where
u = v2 + Vi,
U, = Vavp cos(8, — 6), @)
u; = v,cos(8,) — v, cos().
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Note that T =Ri+%, where L is the number of bits per
b

packet, R, is the bit rate in bps, and ¢ = 1500 m/s is the
speed of sound underwater. The average distance between

AUV’s is given by d = %-

c. Average FEP Evaluation

The AUV’s use simple decode and forward relaying. The
link frame error probability (FEP) is

Diink = 1 — (1 = pp)*

where p, denotes the bit error probability (BEP) for an
AUV-to-AUV channel. In the case of a simple stop & wait
protocol implemented on a hop-by-hop basis, the link FEP
becomes

) _
Plink =

]
- Z(l - plink)pljink
=0

where | denotes the maximum number of retransmissions
per hop. Therefore, the route FEP can be obtained as

FEPgue = 1 — H:th (1 - pl(i]n)ki) (8)
where n;, denotes the number of hops of the multihop route.

Considering a large number of realizations over (v, 8), the
ensemble averaged FEP.q e iS

5D Shi=1FEProute
FEPoute = % 9)

which can be obtained by Monte Carlo simulation. In
particular, the route FEP of a multihop route with an average

number of hops, 71, = /N /m [10], is considered.

BPSK transmission is assumed [13]. Given Ricean fading
model for the AUV-to-AUV channel [14,15], and perfect
channel state information at the receiver, the BEP can be
approximated as

1+% tr try(d.f)
< (X _ _tr¥y(@.f)
by = (1+7c+y(a,f)) exp( 1+:K+y(<i,f)) (10)

where y is the SINR. It is assumed that the Ricean fading
parameter I is the same for all AUV-to-AUV links. It is
assumed that the achieved transmit diversity gain is t and
that the achieved receive diversity gain is r. The attenuation
and noise are considered to be constant over the operational
bandwidth, hence the SINR is

P

v(d. f,) = (11)

T A@f)(N(f)+I(f5))B’

where B is the bandwidth in kHz and P is the transmit
power. This may approximate the narrow bandwidth
performance or the sub-band performance of one carrier of
an OFDM system.

iv. Numerical Results

We consider humerical examples that focus on the FEP of
a multihop route with an average number of hops. The FEP
is averaged over M = 1000 realizations. The area of the
network is circular, where A = 1000 km?2. Independent
Ricean fading for each AUV-to-AUV link with % = 10 is
assumed. Fixed losses are neglected [4]. The bandwidth is
B = 4 kHz. The frame size is L = 1000 bits. The bit rate is
R, = 1 kbps. It is assumed that all AUV’s operate with the
same transmit power level. All AUV's move at a speed of
v =1 m/s. Without the loss of generality, it is assumed
that given the number of transmitters and receivers, full
transmit and receive diversity in the MIMO AUV-to-AUV
channel is achieved. The spreading factor is k = 1.5, the
shipping activity factor is s = 0.5, and the wind speed is
w = 0.

Figure 4 shows the average route FEP when the AUV’s have
two transmitters and two receivers, in the presence of
interference from other AUV's in the network. The transmit
power is P = 105 dB re pPa. The distance to the interferers
is d; = 2d. It can be readily observed that the average route
FEP significantly decreases as the number of
retransmissions increases. It should nonetheless be noted
that the increase in the number of retransmissions also leads
to an increase in the delay.
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Fig. 4. Average route FEP for 2 x 2 MIMO AUV-to-AUV
links for various number of retransmissions, d; = 2d.

Figure 5 depicts the average route FEP when the AUV’s
have three transmitters and three receivers, in the presence
of interference from other AUV's in the network. The
transmit power is P = 105 dB re uPa. The distance to the
interferers has been reduced to d; = 1.75d. The achieved
average route FEP in the case of ARQ is significantly lower
as compared to the case without retransmissions, and it
reduces as the number of retransmissions is increased.
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Fig. 5. Average route FEP for 2 x 2 MIMO AUV-to-AUV
links for various number of retransmissions, d; = 1.75d.

Figure 6 presents the average route FEP when the AUV’s
have three transmitters and three receivers, in the presence
of interference from other AUV's in the network. The
transmit power is P = 105 dB re pPa. The distance to the
interferers has been reduced to only d; = 1.5d. Still, it is
readily observed that the increase in the number of
retransmissions leads to a significant reduction in the
average route FEP.
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Fig. 6. Average route FEP for 3 x 3 MIMO AUV-to-AUV
links for various number of retransmissions, d; = 1. 5d.

v. Conclusions

The paper considered the impact of ARQ on the average
route FEP for underwater acoustic mobile networks
consisting of AUV's with multiple transmitters and
receivers. The stop & wait protocol was considered. The
mobility model was direction persistent. Each MIMO AUV-
to-AUV link was subject to frequency dependent path loss,
independent Ricean fading and interference from other
network transmissions. Numerical examples considered the
average route FEP for different number of retransmissions
and illustrated that ARQ significantly improves the average
route FEP.

References

[1] Special Issue on Advances in Underwater Acoustic Sensor Networks,
IEEE Sensors Journal, vol. 16, Jun. 2016.

[2] Special Issue on Advances and Challenges in Underwater Sensor
Networks, Sensors, MDPI Publishing, 2017.

[3] A. Stefanov and M. Stojanovic, "Design and Performance Analysis of
Underwater Acoustic Networks,” IEEE Journal on Sel. Areas
Commun., vol. 29, no. 10, pp. 2012-2021, Dec. 2011.

[4] K. Chen, M. Ma, E. Cheng, F. Yuan, and W. Su, ”A Survey on MAC
Protocols for Undewater Wireless Sensor Networks,” IEEE
Communications Surveys and Tutorials, vol. 16, pp. 1433-1447, Mar.
2014.

[5] M. Khalid, Z. Ullah, N. Ahmad, M. Arshad, B. Jan, Y. Cao and A.
Adnan, “A Survey of Routing Issues and Associated Protocols in
Underwater Wireless Sensor Networks,” Journal of Sensors, Article
ID 7539751, Hindawi, 2017.

[6] "Coastal Ocean Observation,” The Journal of Ocean Tech., vol. 13,
no. 1, 2018.

[7] "Ocean Monitoring," The Journal of Ocean Tech., vol. 8, no. 3, 2013.

[8] A. Stefanov, “Distortion Performance of Underwater Acoustic Mobile
Networks,” vol. 3, no. 4, pp. 382-389, December 2018.

[9] L. Brekhovskikh and Y. Lysanov, "Fundamentals of Ocean
Acoustics," Springer, 1982.

O. Tonguz and G. Ferrari, "Ad Hoc Wireless Networks: A
Communication-Theoretic Perspective," Wiley, 2006.

[11] J.-H. Cui, J. Kong, M. Gerla, and S. Zhou, "The Challenges of
Building Scalable Mobile Underwater Wireless Sensor Networks for
Aquatic Applications,” IEEE Network, vol. 20, no. 3, pp. 12-18,
May/Jun. 2006.

"Autonomous Underwater Vehicles,” Ocean Engineering, Elsevier,
vol. 36, no. 1, Jan. 2009.

S. Benedetto and E. Biglieri, "Principles of Digital Transmission with
Wireless Applications,” Kluwer/Plenum, 1999.

P. Qarabagi and M. Stojanovic, "Statistical Modeling of a Shallow
Water Acoustic Communication Channel," in Proceedings of the
Underwater Acoustic Measurements Conference, Napflio, Greece,
Jun. 2009.

P. Qarabagi and M. Stojanovic, "Statistical Characterization and
Computationally Efficient Modeling of a Class of Underwater
Acoustic Communication Channels,” IEEE Journal of Oceanic
Engineering, vol. 38, pp. 701-717, Oct. 2013.

[10]

[12]
[13]

[14]

[15]

@tk



