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Abstract—The present paper considers the application of mas-
sive multiple-input multiple-output (MIMO) to a multi-user (MU)
underwater acoustic (UWA) communication system. In the scope
to achieve a high throughput within a limited acoustic bandwidth,
we consider filterbank multicarrier (FBMC) modulation for wave-
form shaping instead of the widely used orthogonal frequency
division multiplexing (OFDM). We assess the performance of the
system in a 1 km simulated time-varying underwater acoustic
channel (UAC) in terms of bit error rate (BER), packet error rate
(PER) and maximum achievable throughput. The transmission
scenario consists of four users, each one equipped with multiple
transmitting hydrophones. We show that the implementation of
massive MIMO at the receiver allows all the users to use the same
frequency bandwidth to transmit their information reliably to the
receiver. Therefore, a high spectral efficiency and throughput can
be achieved, making the transmission of multimedia data such as
high quality real-time video a reality.

I. INTRODUCTION

In recent years, underwater communication has drawn inter-
est from many sectors due to a growing number of applications
such as sea exploration, video-assisted navigation, pollution
monitoring, offshore oil and gas extraction, military defense
and surveillance, seismic monitoring among many others.
Most of these applications usually require real-time video
transmission with acceptable video quality but this represents
a challenge due to frequency-dependent attenuation and am-
bient noise which make the UWA bandwidth very limited
[1]. Furthermore, for some time-critical applications, multiple
remotely operated underwater vehicles (ROVs) which transmit
their data concurrently to a surface vessel need to be deployed.

Single user (SU) MIMO technology has been successfully
applied to UWA communication to cope with the increase in
data traffic in modern underwater applications. However, this
technology on its own does not provide much benefits in an
UAC. This is because the UAC (especially a shallow water
horizontal channel) is severely affected by multipath distortion
and the delay spread can span over tens to even hundreds of
milliseconds due to the low speed of sound in water [1]. In
this regard, OFDM has been integrated with MIMO to provide
robust performance against inter-symbol interference (ISI),
ensure simple one-tap frequency domain equalization and at
the same time provide an increase in data rate and better system
reliability (e.g., [2]-[4]).OFDM, however, does not provide the
most optimum solution to meet the throughput demand for
underwater applications that generate high traffic data. This
is because in OFDM, the cyclic prefix (CP) carries redundant
information and therefore represents a wastage of bandwidth
resources. Furthermore, in order to cope with the extended
channel impulse response (CIR) in UACsS, the duration of the
CP and consequently the OFDM symbol should be increased

to preserve the bandwidth efficiency [5]. The problem that may
arise in fast varying UACs is that Doppler distortion caused
by motion may cause severe inter-carrier interference (ICI) in
the OFDM system and hence degrade its performance.

One technique that can overcome the drawbacks of OFDM
in an UAC and simultaneously improve the bandwidth effi-
ciency is FBMC. The prototype filter can be optimized in such
a way that the subcarriers have excellent frequency localiza-
tion and therefore FBMC can provide robust performance in
doubly-dispersive channels without using any CP [6]. Cosine
modulated multitone (CMT) and filtered multitone (FMT)-
based FBMC systems have been investigated for UWA commu-
nication where good performance has been achieved [7], [8].
However, the authors considered a SU scenario with a single
transmitting transducer and multiple receiving hydrophones.

Massive MIMO technology has only been recently proposed
to improve the throughput and reliability in UWA communica-
tion systems. For instance in [5], a CMT-based massive MIMO
system is suggested for UACs to enhance the bandwidth
efficiency. In this scenario, an underwater base-station (BS)
equipped with a large number of receiving hydrophones is
considered and four transmitting nodes are assumed, each one
equipped with a single loudspeaker. In an effort to efficiently
track channel variations using a blind equalization method
based on the constant modulus algorithm (CMA), only 32
subcarriers were used for a small system’s bandwidth of 5
kHz (and carrier frequency of 8 kHz). Each user transmits
a total of 8 bits of coded information/s/Hz simultaneously
to the array of receiving hydrophones over a distance of 1
km and water depth of 30 m. Simulation results showed that
by increasing the number of hydrophones at the BS from 20
to 100, the signal-to-interference-plus-noise ratio (SINR) for
each user could be improved from approximately 12 dB to 18
dB. Furthermore, the absence of pilots for channel estimation
resulted in a bandwidth efficiency as high as 8 b/s/Hz.

In this work we propose to use a MU-massive MIMO system
for UWA communication where the users are equipped with
multiple transmitting hydrophones. To make maximum use of
the available bandwidth, we use the Offset Quadrature Ampli-
tude Modulation (OQAM)-based FBMC system. However, it is
well-known that the FBMC/OQAM system suffers from imag-
inary interference since the complex orthogonality no longer
holds. This shortcoming of FBMC/OQAM also makes channel
estimation and MIMO integration challenging. Therefore, in
this work we use a low-complexity modified FBMC/OQAM
system as proposed in [9] where complex symbols can be either
spread in time or frequency [10] to eliminate the imaginary
interference. We assess the performance of the Turbo-coded



Fig. 1. MU-massive MIMO UWA transmission scenario

system over a simulated 1 km time-varying UAC in terms of
BER, PER and maximum achievable throughput.

The rest of this paper is organized as follows. Section II
introduces our transmission scenario in the UAC. Section III
gives a brief overview of the UAC characteristics since they
are widely available in literature (e.g., [1], [11]). Section IV
provides an overview of the modified FBMC/OQAM system
used in this work. The system model for a massive MIMO
system is described in Section V. Our system’s performance is
evaluated using numerical simulations in Section VI. Finally,
concluding remarks are drawn in Section VII.

Notation. (.)7 and (.)" denote the transpose and Hermitian
transpose operations respectively. I is an identity matrix.

II. TRANSMISSION SCENARIO

The MU-massive MIMO setup considered in this work is de-
picted in Fig. 1. The BS receiver array consists of 100 receiving
hydrophones which can be attached to a surface vessel such
as a ship or oil platform. Four ROVs are deployed at various
depths and separation distances and each one is equipped with
four transmitting hydrophones. The ROVs transmit their data
simultaneously to the surface vessel in the uplink while the
BS transmit control information to each ROV in the downlink.
In order to provide adequate spacial resolution in the massive
MIMO system, the separation between the hydrophones should
be greater than half the wavelength [5]. Hence, assuming a
carrier frequency of 32.5 kHz and a nominal speed of sound
of 1500 m/s, the minimum hydrophone spacing is equal to
2.3 cm. This scenario can be of interest in the offshore oil
and gas industry to carry out time-critical maintenance or
intervention work on sub-sea infrastructure. This underwater
communication scenario can also allow a larger search area to
be covered on the ocean floor when looking for sunken objects.

III. UAC OVERVIEW

Unlike terrestrial links, the challenges involved in UWA
communication are quite different. The type of water (freshwa-
ter or sea water), depth, temperature, pH, salinity, impurities
and water composition all affect the acoustic wave propagation.

Not only we have to consider these factors but we have to take
into account common terrestrial phenomena such as frequency-
dependent attenuation, multipath propagation which is caused
by reflection (in shallow water) and refraction (mostly observed
in deep water propagation), Doppler effect and noise. However,
as compared to terrestrial links, the multipath delay spread
in an UAC is usually in the order of milliseconds and this
can result in severe frequency-selective signal distortion [1].
Furthermore, due to the low speed of sound as compared to
electromagnetic waves, motion-induced Doppler distortion is
non-negligible. Noise in an UAC usually consists of ambient
noise (caused by turbulence, breaking waves, rain, and dis-
tant shipping) and site-specific noise (ice cracking, snapping
shrimps, etc) [1]. Ambient noise has a decaying power spectral
density and is usually predominant at very low frequencies.
The attenuation and ambient noise severely limit the acoustic
bandwidth and hence the latter is usually in the order of a few
kHz for long transmission distances (above 1 km).

IV. INTERFERENCE CANCELLATION IN FBMC/OQAM

In a conventional FBMC/OQAM system, maximum band-
width efficiency can be achieved at the expense of intrinsic
imaginary interference. The authors in [9] devised a low-
complexity method to cancel the imaginary interference such
that all MIMO signal processing known in OFDM can be
straightforwardly applied. The method consists of spreading
the symbols in the time domain using a coding procedure and
in so-doing the complex orthogonality can be restored. For an
FBMC/OQAM system consisting of L subcarriers and K time
symbols, the transmitted signal is generated as [9]

K L
s(t) = Z Zgl,k(t)iﬂl,ky

k=11=1
where x;; denotes the real-valued symbol transmitted on
subcarrier position ! and time position k, and g; x(t) is the
time and frequency shifted version of a prototype filter p(t):

g1i(t) = p(t — kT2 =, 3 (k) @)

where 7" and F' denote the time and subcarrier spacings respec-
tively. In FBMC/OQAM, p(t) is only orthogonal for TF = 2.
To make the data rate similar to OFDM (without CP), the time
and frequency spacings are decreased by a factor of two, i.e.,
TF = 1/2. This reduction in time and frequency spacings
causes interference which is however purely imaginary due to
the phase shift term e/ (‘+#) [9]. The expression in (1) can be
represented in matrix notation as follows [9]

s = Gx, 3)

where the column vectors of G are the sampled pulses g; x (t)

and x is the transmitted symbol vector which is represented as
T

X=[x11 T21-Tpg Ti2cc TLK| 4)

The expression in (3) is computed from Fast Fourier Transform
(FFT) together with a polyphase network [9]. However, to
simplify analytical investigations, the system is expressed as a

(D



TABLE I
SIMULATION PARAMETERS

[ Parameters [ ROV1 [ ROV2 | ROV3 [ ROV 4 |
Bandwidth 25 kHz
Carrier frequency 32.5 kHz
Water depth 1000 m
TX height from sea-floor 4m | 4m [ 5m [ Tm
RX height from sea-floor 998 m
Number of TX, N 4
Number of RX, N, 100
Subcarriers 256
Delay spread 53ms [ 53ms [ 6.6ms [ 92 ms
Modulation 64-QAM
Turbo code rate 12
Relative velocity ~1.5 m/s
Doppler frequency ~32.5 Hz
FBMC filter Hermite prototype filter
Filter overlapping factor 4
FBMC spreading factor 16

matrix multiplication. The received signal is be expressed as

y=Dx+n

T &)
= [y1,1 Y21y Y2 yL,K} )

where n is the noise vector and D is the transmission matrix

which is defined as [9]

D = G"G. (6)

For FBMC/OQAM, D is affected by imaginary interference at
the off-diagonal elements and hence is not an identity matrix
in contrast to OFDM [9]. To obtain an identity matrix, only
the real part of D should be considered, i.e., R{D} = Iy k.
For L, K — oo, the transmission matrix D contains exactly
% non-zero eigenvalues, each having a value of 2 [9]. This
means that only % complex symbols can be transmitted.
The spreading process consists of precoding the uncorrelated
data symbols x using a unitary coding matrix C to obtain the
transmitted symbols as follows [9]

(7

The coding matrix C is obtained by taking % appropriate
column vectors from a K xK Hadamard matrix and then
spread with the symbols in the time domain [9]. This process
is performed for all subcarriers to obtain the coding matrix,
C € REEX%" The imaginary interference is eliminated by
choosing C to satisfy the following condition [9]

chpc=1 (8

Finally, at the receiver end decoding is performed on the
received symbols as follows

x = Cx.

y = Cly. 9)

V. MASSIVE MIMO

In massive MIMO the users communicate with the BS
simultaneously over the same time and frequency resource and
this results in significant improvement in spectrum efficiency
[5]. In this work we focus on the uplink where data is
transmitted from the users to the BS. In the uplink, the BS

requires channel state information (CSI) in order to decode the
data received from multiple users. Hence the users transmit
orthogonal pilots to the BS which in turn performs channel
estimation based on the received pilot signals together with
linear decoding techniques. Consider an uplink MU-massive
MIMO system with a BS having N, antennas and serving M
users. For simplicity, we assume single-antenna users in the
following formulations although these can be easily extended
to multiple-antenna users. The baseband received signal vector
at the BS can be expressed as follows [12]

M
y:Hx—i—n:thxm—&—m (10)
m=1
where h,,, € CNr*1 is the channel vector between the BS and
the mth user, H £ [hl, h,,--- 7hM] € CNrxM i the overall

channel matrix, x € CM*! is the transmitted symbol vector for
all the users, n € CV~*1 is the noise vector and y € CVr*1 is
the received signal vector. When the size of matrix H increases,
the channel hardening phenomenon occurs whereby the off-
diagonal terms of the HTH matrix become smaller compared
to the diagonal terms [13]. In this case the channel distortions
are averaged out over time and frequency. It has been shown in
numerous literatures that simple linear processing techniques
such as minimum mean square error (MMSE) or zero-forcing
(ZF) provide near-optimal performance in massive MIMO
systems [14]. At the receiver, a linear detector is applied to the
received signal vector y to find an estimate of the transmitted
symbol vector as follows [12]

x = Ay = AH(Hx 4 n), (11)

where A is the N, x M detection matrix and X =
[33"1, To, - ,aAcM]T is the M x 1 signal vector which consists
of the estimated data symbols transmitted from the M users.
The mth element of the signal vector X is represented as [12]

M
A H H H
Tm = a, hpx, + g a,h;x; +a,n. (12)
i#Em
desired signal noise
————

inter-user interference
Depending on the type of linear detector used, either ZF or
MMSE, the detection matrix A is defined as
HH"H) !, for ZF
= 2

HH"H + Z:1),)~', for MMSE

13)

where 02 and o2 are the transmitted signal and noise variances
respectively. The ZF linear detector selects the matrix A to
eliminate the inter-user interference regardless of the noise
enhancement. In fact, it chooses A such that AH =1 [15].

VI. SIMULATION RESULTS

The physical setup of our UWA communication scenario
is depicted in Fig. 1 while the relevant simulation parameters
are summarized in Table 1. A statistical time-varying UAC is
adapted in the simulations [16]. It is assumed that with each
channel tap delay, the Doppler spread increases linearly from
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Fig. 2. Typical CIRs as observed between the BS and four ROVs
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Fig. 3. BER performance of Turbo-coded massive MIMO-FBMC/OQAM
systems in the UAC

0.5 Hz to 2 Hz. The typical channel impulse responses (CIRs)
as observed by the four users (ROVs) are illustrated in Fig. 2.

To approximate a real-world UAC, colored noise is assumed
in the simulations instead of additive white Gaussian noise
(AWGN). The transmission of data is organized in packets for
the FBMC/OQAM massive MIMO system. The time spreading
performed in the FBMC/OQAM can result in interference
between the packets and hence a zero guard interval is inserted
between each of them. It is assumed that the four users send
pilot signals and hence imperfect CSI is available for the
BS to decode each user’s data. For UWA communication,

10° w
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ROV 4
ROV 2
107" F 1
=
=
A~
102 F 1
1 0.3 L L L L 1
0 1 2 3 4 6 7 8 9 10

5
E,/No(dB)

Fig. 4. PER performance of Turbo-coded massive MIMO-FBMC/OQAM
systems in the UAC

the problem of pilot contamination is not as critical as in a
terrestrial cellular communication system since the number of
users is much less and there is only one BS which serves the
users. Hence, orthogonal pilots can be easily assigned to each
user. A ZF linear detector is used in the system to recover the
transmitted symbols from each user at the BS.

Figures 3.4 and 5 show the performance of the four users in
the UAC in terms of BER, PER and throughput respectively.
The results show that the 4x100 FBMC/OQAM systems can
achieve robust performance in the time-varying UAC due to the
good time and frequency localization property of the FBMC’s
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Fig. 5. Maximum achievable bit rates for the four ROVs in the UAC

prototype filter. The massive MIMO system allows all the
ROVs (each equipped with four hydrophones) to transmit
simultaneously over the same time and frequency resource
and still achieve a very good error performance as can be
observed in Fig. 3 and Fig. 4. In fact, in a massive MIMO
FBMC system, the requirement of having approximately flat
gain for the subcarriers can be relaxed [17]. This means that a
smaller number of subcarriers can be used, hence reducing
the latency or delay caused by the synthesis and analysis
filter banks. A greater subcarrier spacing also implies that the
system will be less susceptible to carrier frequency offsets.
Furthermore, larger modulation orders can be used to further
boost the bandwidth efficiency as linear combining of the
signal components equalizes the channel gain across each
subcarrier [17].

Fig. 5 shows the E}/Ny value that is required to achieve a
given level of throughput for each user. It is to be noted that the
guard intervals which are inserted in the FBMC/OQAM system
cause a bandwidth efficiency loss of ﬁ [9]. Therefore, the
loss in bandwidth efficiency is 5.88% for a spreading length
of 16. This loss is taken into account when computing the
throughput in Fig. 5. We can infer that each ROV can reach
their maximum throughput at a low Ej/Ny value. Also, the
fact that FBMC/OQAM is used instead of OFDM implies
that each user achieves a higher bit rate since no bandwidth
resources are wasted in the transmission of a CP. The overall
aggregate throughput in this four-user massive MIMO system
is approximately 886 kbps.

VII. CONCLUSION

Massive MIMO technology is expected to significantly im-
prove the throughput and reliability not only in future terrestrial
communication systems but also for UWA communication.
The application of massive MIMO allows multiple ROVs

to be deployed simultaneously and the fact that they can
all share the same time and frequency resources makes this
technology very attractive for the UWA environment where
the bandwidth is extremely limited, especially for long range
links. We have seen in this work that all the users achieve
very good error performance and high bit rates over a 1 km
doubly-dispersive UAC using the FBMC/OQAM waveform
shaping. Hence, FBMC/OQAM represents a better candidate
than OFDM to be integrated in a massive MIMO system to
satisfy the high data traffic and reliability demands of future
underwater applications.
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