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Abstract—This paper presents a study of Multiuser Multiple
Input Multiple Output (MU-MIMO) as a multi-access method for
underwater acoustic communications. Traditional multi-access
schemes such as Time Division Multiple Access (TDMA) suffer
from limited data rates due to an inefficient sharing of com-
munication resources. In a MU-MIMO systems, each user can
be viewed by the receiver as an input of a conventional MIMO
channel. The receiver can then exploit the spatial diversity to
decode the input streams of each users. Achievable rates of
MU-MIMO with Successive Interference Cancellation (SIC) are
studied in a first place, and compared with single user and TDMA
theoretical performance. The theoretical rates are computed
on channels sounded at-sea for a two-user configuration so as
to evaluate what gains can be expected from the MU-MIMO
approach. Finally, comparisons with the effective rates obtained
from simulations of full modulation and demodulation stages
using measured channels and the underWater AcousTic channEl
Replay benchMARK (WATERMARK) are provided.

Index Terms—Underwater acoustic communications, achiev-
able rates, MIMO, multiple access, channel replay, successive
interference cancellation.

I. INTRODUCTION

Underwater Acoustic (UWA) channel is one of the most
challenging communication channel due to its doubly-selective
fading nature represented by extremely long delay spread and
fast time variation [1]. On the other-side, data rates required for
UWA communications applications are continuously growing
with the introduction of high-quality images and real-time
video. Moreover, deployment of sensor networks, seafloor ob-
servatories or autonomous fleets of cooperating Autonomous
Underwater Vehicle (AUV) require the UWA channel medium
to be shared by multiple users [2]. Traditional multi-access
technique for UWA communication is TDMA where a specific
time slot followed by a guard interval is assigned to a given
user in order to avoid multi-user interference. One major
drawback of TDMA lies in date rate limitation due to single-
user time slot and guard interval [3].

Recently MU-MIMO approach has been investigated as
multiple access technique for UWA communication [4]–[6].
In an uplink MU-MIMO scheme, each user transmit data
simultaneously within the same frequency, so it can be viewed
as a distributed MIMO system where each user acts as an
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input stream of the channel. At the receive side, by combining
multiple channel outputs, the spatial signature uniqueness
of each user can be exploited to decode each user stream
separately. With respect to TDMA protocol, the MU-MIMO
technique enables spatial multiplexing of user data at the prize
of multi-user interference terms, that need to be estimated
and cancelled at the receiver side. The objective of our paper
is to estimate the gain of the MU-MIMO approach over a
traditional TDMA approach for a realistic multiuser UWA
communication channel by using achievable rate metric, and
to compare it against effective data rate obtained with a
full modulation and demodulation system. Realistic simu-
lations of UWA transmissions are performed by using the
WATERMARK [7] fed by channel soundings performed in
Bay of Brest, France.

The paper is organized as follows: Section II provides the
computation of theoretical achievable rates for MU-MIMO
channels, then Section III details transmitter and receiver
structures. Section IV describes the channel sounding and
experimental results, before conclusions in Section V.

Notations: Upper case bold letters M denotes matrices,
while lowercase bold letters x are used for vectors. The
Hermitian transpose of A is denoted by AH , and IL is
the identity matrix of size L. Sets of integers of the form
{1, · · · , N} are written J1, NK. E stands for expectations.
Et [X(t, τ)] is expectation according to the realizations of
the multivariate random process X(t, τ) along the dimension
indexed by t. The cardinal of a set S is denoted by Card(S).

II. ACHIEVABLE RATES FOR MU-MIMO UWA
COMMUNICATIONS

We consider I transmitters communicating with a single re-
ceiver equipped with Nrx hydrophones. The transmitters have
a single transducer, they are not co-located, and they transmit
their data simultaneously to the receiver using the same band-
width. In a practical set-up, transmitters could be Autonomous
Underwater Vehicles (AUVs) communicating with a central
node or buoy for example. Let xi = (xi[0], · · · , xi[N − 1])

T

a frame of N i.i.d complex and zero mean symbols sent by
user i ∈ J1, IK. For any j 6= i, the symbols xj sent by any
other user j are independent of xi. For every user i ∈ J1, IK,
the following power constraint is applied :

E
[
xix

H
i

]
= PIN , (1)

with the same transmit power P for every users.



The focus is first put on the flat fading case for the ease
of presentation. The receiver’s observation at time t can be
expressed by

y[t] =

I∑
i=1

hi[t]xi[t] + w[t] (2)

where hi[t] ∈ CNrx is the Single Input Multiple Out-
put (SIMO) channel from user i ∈ J1, IK, and w[t] ∼
CN (0, σ2INrx ,) is a white, stationary, Gaussian noise. This
model falls in the class of multiple access channels (MAC) in
information theory [8], and will serve as the basis for studying
the theoretical achievable rates. This is also an abstraction to
what we call here MU-MIMO in the sense that the different
users act as different channel inputs from the point of view
of the receiver. Note that the assumption of a single transmit
antenna per user is not restrictive and is made in order to fit
with the experiments we conducted.

The channels are random and their coherence times are
much smaller than the frame duration. When the channel
realizations are known by the receiver, and assuming SIC
decoding, the achievable rate is given by [9] :

Ri = E
[
RΠ
i

]
=
∑
Π∈I

pΠR
Π
i (3)

where

RΠ
i = Et

log2

∣∣∣∣∣∣INr + ρ
∑

j∈IΠ
i ∪{i}

hj [t]hj [t]
H

∣∣∣∣∣∣


− Et

log2

∣∣∣∣∣∣INr + ρ
∑
j∈IΠ

i

hj [t]hj [t]
H

∣∣∣∣∣∣
 .

(4)

and where Π is a random variable defining the decoding order
and distributed by the probability pΠ and ρ = P/σ2 is the
Signal to Noise Ratio (SNR). In equation (4), expectations
are taken according to the realizations of hj [t] along time t,
j ∈ J1, IK. Thus, the channels are assumed stationary for the
duration of the frame. We denote by I the set of decoding
orders given by all possible permutations of J1, IK, which
have equal probabilities pΠ = Card(I)−1. The set IΠ

i is the
set of successors of the user i in the decoding order Π. The
idea expressed by (3) and (4) is that the rate of a user i is
penalized by the information conveyed by the contributions
to the observation y[t] of the users that have not been yet
decoded when i is being decoded.

Extending the expressions of achievable rates presented
above to frequency selective fading, the channels can be
expressed through their time-varying frequency responses: for
each user j ∈ J1, IK we define a channel vector realization,
at time t and for the frequency bin f , by hj [t, f ] ∈ CNrx .
Assuming that the transmitters spread equally their power
across a bandwidth B divided in Nν frequency bins, the
achievable rate of a user i can be expressed by equation (3)

with RΠ
i now given by

RΠ
i =

1

Nν

Nν∑
f=1

Et

log2

∣∣∣∣∣∣INr + ρ
∑

j∈IΠ
i ∪{i}

hj [t, f ]hj [t, f ]H
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

− Et

log2
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∑
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i

hj [t, f ]hj [t, f ]H
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(5)
and with the same notation for the decoding order.

This last expression will be used for theoretical evaluations
of the achievable rates of the MU-MIMO scheme against
TDMA and single user schemes, and provide insights regard-
ing the performance gap obtained in practice between these
three schemes.

III. SYSTEM DESCRIPTION

In this section, we briefly describe the transmitter and
receiver structures implemented for evaluation of effective
rates in Section IV. The transmitter and receiver processing
are the same as those described in [10] but extended to the
MU-MIMO case. The same structure is also used for TDMA
and single user operations, however the users frames are
separated in time slots in TDMA transmissions.

Bit-Interleaved Coded Modulation (BICM) [11] is employed
and users transmit bursts of i.i.d. QPSK symbols modulated
around a center frequency f0. For each user, the frame is
constituted of Np pilot symbols from a Pseudo-noise (PN)
sequence, followed by Nd data symbols and a guard interval of
duration Ng×T , where T = 1/R is the symbol duration. Prior
to modulation, data bits are encoded by a convolutional en-
coder of rate Rc = 1/2 and constraint length 7, and interleaved
by pseudo-random permutations. The encoder polynomial is
[133, 171]o in octal notation. Symbols are pulse-shaped by a
Square Root Raised Cosine (SRRC) cosine filter g(t) with
roll-off α = 0.1. For a given user i ∈ J1, IK, the transmitted
signal is expressed by

si(t) = Re

{
√
P
∑
n

xi[n]g(t− nT )ej2πf0t

}
. (6)

with P the transmission power, supposed equal for each user.
The pilot symbols are used for synchronization as well as for

channel estimation using the Least Squares (LS) method. After
baseband conversion and matched-filtering of the received
signal, a Constant False Alarm Rate (CFAR) detector [12]
is used to localise the frame. Then, timing synchronization is
performed thanks to a cross-correlation with the pilot signals.
Doppler effects due to motion and clock frequency offsets
are assumed to be compensated. After synchronization, the
channel output sampled at the symbol time is fed to a MIMO
iterative decoder based on the turbo-equalization principle [13]
: a MIMO demapper and a soft-in soft-out decoder consist in
the main two stages of the iterative decoding process. The
MIMO demapper includes an Interference Canceler Linear
Equalizer (IC-LE) fed by the channel output, the LS channel
estimates and the log-likelihood ratios of symbols decoded
from previous iterations. In the MU-MIMO scheme where



each user is an input stream of the MIMO channel, the receiver
described here behaves like a successive interference canceller.
The interested reader is referred to [10] for a more complete
description of the receiver algorithms.

Fig. 1. Time varying channel impulse responses sounded at the first
hydrophone of user 1.

IV. EXPERIMENT DESCRIPTION AND RESULTS

The MU-MIMO scheme is evaluated for two users (I = 2)
through channel replay based on channel impulse responses
sounded at-sea. Comparisons with TDMA and single user are
made with the same channels.

A. Channel soundings

The channels used for performance evaluation were sounded
in the Brest Bay, near Lanvéoc, France, in February 2019.
Measurements of the Channel Impulse Response (CIR) were
obtained by successive matched filtering to a known probe
signal transmitted repeatedly. Probes have been built on the
basis of maximum length sequences of 511 BPSK symbols,
modulated at a 6 kbauds speed and shaped by a SRRC filter
whose roll-off factor is α = 0.1. Such a sequence covers a
channel delay spread of at most 85 ms. The probe is obtained
by stacking several pulse-shaped sequences so as to cover an
observation time of Tobs = 30 s. Thus, channel estimations
are updated every 85 ms, covering Doppler spreads up to
5.88 Hz. Measurements are made in a 6.6 kHz bandwidth
centered on a 27 kHz carrier frequency. During the experiment,
a transmitter equipped with one transducer immersed at a
2.5 m depth transmitted the probe to an array of Nrx = 5
hydrophones immersed at 3 m with a spacing of 1 m, located
at approximately 300 meters from the transmitter location.
Constant and time-varying Doppler shifts are mitigated at
the receiver using the procedure described in [14], [15].
Two soundings were performed at few tens of meters apart,
producing two measured SIMO CIR, one for each user of the
experiment. Delay and doppler spreads were in the range 9−16
ms and 0.7− 1.15 Hz respectively, depending on the user and
hydrophone. Channel frequency responses averaged over time
are depicted in Figure 2 and the time-varying impulse response
sounded at the first hydrophone of user 1 in Figure 1.
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Fig. 2. Average frequency responses of sounded channels (based on 714
realizations of 85 ms duration).
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Fig. 3. Achievable rates bounds of MU-MIMO transmissions computed on
measured channels, and comparison with TDMA and single user transmis-
sions.

B. Achievable rates on measured channels

Parameter Symbol Value
Carrier frequency f0 27 kHz
Modulation speed R 5 kbauds

Bandwidth B 5.5 kHz
Nb data symbols Nd 1024

Nb pilot symbols (MU-MIMO) Np 481
Nb pilot symbols (Single/TDMA) NSU

p 241
Nb guard symbols Ng 250
Nb RX antennas Nrx 5

Code rate Rc 1/2
Nb symbols/frame (MU-MIMO) N 1755

Nb symbols/frame (Single/TDMA) NSU 1515
Nb of frames/user Nf 83

TABLE I
TRANSMISSION PARAMETERS

The transmission parameters used for simulations are
summed up in Table I. Note that the number of pilots is differ-
ent in MU-MIMO and in single user or TDMA configuration
since we should have Np > 2I × στ

T − 1 [16] where στ is
the channel delay spread. The number of symbols per frame
in the calculation of rates changes accordingly.

Achievable rates computed on the basis of the two mea-



sured CIR and for different transmission schemes are drawn
in Figure 3. Theoretical performance are shown as spec-
tral efficiencies expressed in bits/s/Hz. Time-varying channel
frequency responses of both users were computed through
discrete Fourier transformation of the measured CIR along the
delay dimension on Nν = 2048 points, for each realization and
each hydrophone. This produces the channels SIMO vectors
hj [t, f ] of equation (5), and their averages over time t produce
the responses plotted in Figure 2. Based on these channels
vectors, the achievable rate Ri for i = 1, 2 is computed
by averaging over 100 realizations of the random decoding
order Π, and the process is repeated for several values of
the noise power σ2. The channels are normalized according
to the hydrophone carrying the highest energy so that the
SNR parameter ρ = 1/σ2 is the effective SNR for this
hydrophone, assuming a unit transmission power P = 1.
Spectral efficiencies, as drawned in Figure 3, are computed
for each user i = 1, 2 as

ηMU-MIMO
i =

Nd
N
× 2RcRi

BT
. (7)

where Ri is evaluated through equations (3) and (5), and Rc,
Nd and N are given in table I. Spectral efficiencies for TDMA
transmission are given by

ηTDMA
i =

Nd
I ×NSU ×

2RcR
SU
i

BT
. (8)

where

RSU
i =

1

Nν

Nν∑
f=1

Et
[
log2

∣∣INr + ρhi[t, f ]hi[t, f ]H
∣∣] (9)

is the achievable rate for the single user i, i.e. without
interference from j 6= i, which is also used to compute the
corresponding spectral efficiency in bits/s/Hz :

ηSU
i =

Nd
NSU ×

2RcR
SU
i

BT
. (10)

The single user bound is obviously twice the TDMA theoreti-
cal performance in our two users experiment, since 2 time slots
are needed. The MU-MIMO scheme can theoretically perform
closer to the single user bound in the channels we measured.
At SNRs between 10 and 25 dB, MU-MIMO can be expected
to achieve rates equal to ≈ 80% those of the single user.

C. Effective data rates on replay channels

We now evaluate the effective data rates for MU-MIMO-
SIC, TDMA and single transmissions using the transceiver
structure of Section III through measured channels thanks to
the WATERMARK channel replay software [7]. Each user is
assigned a measured SIMO channel and sends Nframes = 83
frames. The signals duration cover the channel sounding of 30
s. For each frame and several SNR values, the Frame Error
Rate (FER) per user is evaluated. The effective rate for the
user i = 1, 2 is then expressed in bits/sec/Hz by :

ri =
Nd
N
× 1− FERi

BT
. (11)

The same formula can be applied for MU-MIMO and single
user and is divided by a factor 2 in TDMA with two user
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Fig. 4. Effective rates of MU-MIMO transmission computed over
WATERMARK channel fed by measured channels, and comparison with
TDMA and single-user transmission.

compared to single user, as the frame duration becomes 2 ×
NSU × T .

Effective rate are given in Figure 4. In high SNR regimes,
MU-MIMO performs closer to the single user effective rate
than TDMA. At a 20 dB SNR, MU-MIMO effective rate (0.51
bits/s/Hz) is ≈ 83% the rate of single user (0.61 bits/s/Hz),
which is the gain expected from the study of the achievable
rates. However, because of multi-user interference, the SNR
threshold for which MU-MIMO produce non-zero rates is
slightly higher than in single user transmissions and TDMA.
TDMA offers lower effective rates but a better robustness at
low SNR due to the absence of interference.

V. CONCLUSION

This paper has presented a study of the MU-MIMO scheme
for use in underwater acoustic communications. Instead of
separating the different users among orthogonal codes, time
or frequency slots, MU-MIMO systems suggest that multiuser
transmissions can be viewed as a particular case of conven-
tional MIMO transmissions. This has the potential benefit
to bring better spectral efficiencies since the communication
resources can be used simultaneously by several users, leaving
to the receiver the role of mitigating multi-user interference
thanks to SIC decoding. Our conclusions are supported by a
study of theoretical and effective rates for MU-MIMO, TDMA
and single user transmissions, on the basis of channel sounded
at-sea. Theoretic achievable rates show that MU-MIMO with
SIC decoding could perform close to the single user bound,
compared to TDMA. This performance gap is evaluated exper-
imentally by simulation of the three schemes through channel
replay, based on the same transceiver structure employing
BICM combined with an iterative receiver. At a sufficiently
high SNR (> 10 dB), our results show that MU-MIMO
performs at ≈ 80% of the single user performance, whereas
TDMA offers better robustness with non-zero effective rates
at lower SNRs. Future works on this topic should study the
impact of channel estimation errors and time-variability so as
to provide a deeper analysis of achievable and effective rates.
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