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P S

Abstract: This article studies the underwater acoustic (UWA) communications associated with mul-
tiple input-multiple output (MIMO), single carrier with frequency-domain equalization (SC-FDE),
and with low-density parity-check (LDPC) codes. Low-complexity receivers such as equal gain com-
bining (EGC), maximum ratio combining (MRC), and iterative block—decision feedback equaliza-
tion (IB-DFE) are studied in the above-described scenarios. Furthermore, due to the low carrier fre-
quencies utilized in UWA communications, the performance of the proposed MIMO scenarios is
studied at different levels of channel correlation between antennas. This article shows that the com-
bined schemes tend to achieve good performances while presenting low complexity, even in sce-
narios with channel correlation between antennas.

Keywords: underwater communications; LDPC; MIMO; SC-FDE

1. Introduction

Two-thirds of the Earth’s surface corresponds to the sea, demanding connectivity in
the new paradigm of the Fourth Industrial Revolution, namely, to interconnect Internet
of Things (IoT) devices. Underwater acoustic (UWA) communications is the solution to
solve this gap. However, due to the high level of multipath [1], impulsive noise, and low
carrier frequencies, the bit rates available in UWA communications are low [2]. This lim-
itation can be mitigated by employing techniques such as block transmission techniques,
such as orthogonal frequency division multiplexing (OFDM) or single carrier with fre-
quency-domain equalization (SC-FDE), as well as multiple input-multiple output
(MIMO) systems, as adopted for the Fifth Generation of Cellular Communications (5G)
[3].

MIMO systems bring added value in terms of capacity and diversity gains. However,
such gains are conditioned on the existence of spatially uncorrelated channels. Due to the
lower carrier frequencies employed in UWA scenarios, such condition is rarely fulfilled
[4]. Since a certain level of channel correlation between signals of different antennas exists
in real scenarios, such configuration is here considered.

The complexity of the UWA scenarios is defined by their non-homogeneity, being
dependent on the following factors: pressure, temperature, and salinity. The propagation
speed of the sound is affected by each of these factors [5]. Several expressions have been
developed empirically to calculate sound propagation speed in UWA scenarios. Wilson
defined in [5] the following expression widely utilized:
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where c stands for the propagation speed, T. the temperature in degrees Celsius, S the
salinity in parts per thousands, and d, the depth in meters.

Although there is complexity of propagation of sound in underwater scenarios, it is
known that the increase of the number of antenna elements that comprise MIMO systems
corresponds to a technique widely used to increase the capacity gains [6-8]. However, this
demands higher signal processing levels associated with linear receivers, such as the zero
forcing (ZF). Therefore, a solution to simplify the complexity relies on the use of sub-op-
timal receivers, such as equal gain combining (EGC), maximum ratio combining (MRC)
[6,7], and iterative block —decision feedback equalization (IB-DFE), being studied in this
article.

Low-density parity-check (LDPC) has been adopted by 3GPP as an encoding scheme
for the 5G standard [9,10]. Before, LDPC codes were adopted for the long-term evolution
(LTE), as well as for the World Interoperability for Microwave Access (WiMAX) standard.
Due to its outstanding performance, LDPC codes have been utilized in other scenarios,
such as in UWA communications.

Impulsive noise is typically experienced in low frequencies, consisting of short-du-
ration noisy pulses (from a few microseconds up to milliseconds) [11-13]. This is caused
by sea life activity in the underwater environment, which can be substantially above the
additive white Gaussian noise (AWGN).

Previous works considered using the block transmission technique OFDM, in UWA
communications, such as [14]. The work published in [11] focuses on impulsive noise su-
perimposed on OFDM signals, including mitigation techniques. Furthermore, previous
works have also considered the combination of OFDM, and MIMO systems applied to
UWA communications [15,16]. Moreover, as compared to [17], the research published in
this article considers LDPC codes and impulsive noise, which is typical of UWA commu-
nications. Moreover, channel estimation, using training sequences, is also adopted to
make the results of this complex system more realistic.

This article studies the performance of UWA communications, using MIMO commu-
nication systems, for different levels of channel correlations between adjacent antenna el-
ements of the MIMO configurations, with different receiver types, using LDPC codes, and
using SC-FDE transmission. Instead of studying individual schemes, this article studies
such a complex system, also considering impulsive noise, LDPC codes, and channel esti-
mation.

This article is organized as follows: Section 2 describes the system and signal charac-
terization, Section 3 analyses the performance results, and Section 4 concludes the article.

2. System and Signal Characterization

This article considers a multi-layer MIMO system, which requires a number of R re-
ceiving antennas equal to or higher than T transmitting antennas. It is considered that
each transmitting antenna sends a different flow of symbols. On the other hand, the num-
ber of R receiving antennas is responsible for providing diversity. SC-FDE signals are as-
sumed [18], associated with quadrature phase shift keying (QPSK) modulation.

As depicted in Figure 1, the nth transmitted block, of N data symbols, sent by the tth
antenna is denoted as x®, while the received block by the rth antenna is denoted as y(".
The mapping between the time domain signal and the frequency-domain signal for the
transmitted block is defined as DFT{x";n=0,1,..,N -1} = {Xlﬁt); k=01,..,N —1} , i.e., by

performing the discrete Fourier transform (DFT) of the time-domain block. Similar map-
ping is assumed for the received block as DFT{y";k =0,1,...,N -1} = {Yk“); k=0.1,..,N —1}
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Figure 1. Block diagram of an m-MIMO system associated with SC-FDE signals.

After removing the cyclic prefix, and assuming a cyclic prefix longer than the overall
channel impulse response of each channel, using the matrix-vector representation, the re-
ceived frequency-domain signal comes:

§
Y =[P ] = HX N, ()

where X, = [xS),,__, x&”]T stands for the frequency-domain transmitted data symbols,

where H, denotes the RXT channel matrix for the kth subcarrier, with (r,t) th element
H('", and where H, denotes the channel frequency response for the kth subcarrier (as-

sumed invariant during the transmission of a given block). Note that the mapping be-
tween the channel time and frequency domains is defined by

{Hk;k =01..,N —1} =DFT {hn;n =01..,N —l} . Moreover, N, is the frequency-domain

block channel noise for that subcarrier.

2.1. System and Signal Model for the Receivers

A very efficient receiver commonly associated with SC-FDE schemes [18] is the IB-
DEFE. Such an iterative receiver uses feedforward and feedback coefficients to process the
signals in the frequency domain, reaching a performance typically much better than that
of a non-iterative receiver. IB-DFE can be viewed as turbo equalization [8,19].

The ZF receiver tends to be complex because it requires the computation of the
pseudo-inverse of the channel matrix, for each frequency component. This article avoids
this complexity by implementing the m-MIMO using MRC and EGC receivers, simplify-
ing its processing. Furthermore, these receivers are iterative, being, in this study, associ-
ated with SC-FDE transmissions.

Assuming a non-iterative receiver, the estimated frequency-domain data symbols

X, =[>Z§l) ..... )ZliR)T comes:
)~(k =B, Y\ (3)

Depending on the algorithm, B, canbe computed as B, =H/ (Hk H )71 for the ZF,
as B, =H;' for the MRC, and as B, = exp{j arg(HkH )} for the EGC [20].

As described, the ZF receiver is a linear algorithm that applies the pseudo-inverse of the
channel’s frequency response, for each frequency component of the channel. Therefore,
the level of complexity and computation is very high, which also translates to high battery
consumption. Moreover, the ZF is very efficient in removing the intersymbol interference
but has the disadvantage of presenting noise enhancement when utilized in post-pro-
cessing. Therefore, it tends to degrade the performance for average to high noise levels.
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On the other hand, the MRC and EGC tend to mitigate these limitations due to their sim-
plicity but generate some residual interference generated in the decoding process, espe-
cially for moderate values of T/R. This can be mitigated by employing an iterative re-
ceiver that implements the following function [20]:

>~(k = B:'Yk _Ckik 4 (4)
where the interference cancelation matrix C, can be computed as [20]:
C,=A"H, -1, ()

and where | is an RxR identity matrix and where the (i, [ ') th elements of the matrix

A are defined as [A] . =[H]" for the MRC and [A],. :exp(jarg([H]“,)) for the

EGC (i.e., they have absolute value 1 and phase identical to the corresponding element of
the matrix H).

2.2. Channel Estimation

This article assumes that training sequences (pilots) are utilized to perform the chan-
nel estimation. The channel frequency response is defined as [21]:

r TS
Fien 2 WX

2
207

(6)

where x (™ denotes the training sequence transmitted by the tth transmitting antenna
(t=12,.,T), Y. stands for the signal at the rth receiving antenna (r=1,2,.,R) (TS
means training sequence), and o stands for the power (variance) of the training se-

quences. In this estimation, it is assumed that that the training sequences associated with
different transmitting antennas are orthogonal, leading to x*™x*@ -0 m=q. This

leads to H, = H, +&,, Where g, stands for the channel estimation error, being Gauss-
ian-distributed, with zero-mean, defined as

2
On

Eflal} =2 @)

O7s

with 52 _ E{|Nk|2}é and with &% :|XkTS|2 /2, as defined in [21].

In order to improve the channel estimates, the following enhancement can be em-
ployed [22,23]:

H ) =DFT (A w, | ®)

where w, =1 if the nth time-domain sample is inside the cyclic prefix, and 0 otherwise.

2.3. Impulsive Noise

Impulsive noise [11-13] is typically experienced in low frequencies, consisting of
short-duration noisy pulses. In the underwater environment, this is caused by sea life ac-
tivity, which can be as high as 40 dB above the AWGN.

Impulsive noise can be acceptable in analog communications, being, however, dis-
ruptive in digital communications, originating a burst of errors. Therefore, the AWGN
model is not well suited to model an environment characterized by impulsive noise. The
Markov chain is an important model to characterize the impulsive noise, which is closer
to the real environment [13]. The Markov chain is a model with memory because the next
state depends on the actual state [13]. The Markov chain has four different models, known
as binary state model, Markov-Middleton model, partitioned Markov chain, and second-
level Markov chain [13]. As can be seen from Figure 2, the binary state model has two
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states (0, 1), which best characterize the states of impulsive noise. The state S, represents
the channel free of impulsive noise (good channel), while the S, represents the opposite
(bad channel). The probability of transitions from S; to is given by the values

pi,j ’ i: jE {0,1} [13]

Po,1

Po,0=1-po1 o e p1,1=1-p1o

P10

Figure 2. The Markov chain, binary state model [13].

3. Simulation Results and Analysis

The performance of the UWA communication, in terms of bit error rate (BER), is eval-
uated making use of Monte Carlo simulations, associated with SC-FDE block transmission
technique and m-MIMO. The error probability, using BER as performance index, was
evaluated as a function of E /N, where E, istheenergy of the transmitted bits,and N,

is the one-sided power spectral density of the noise. A block length of N =256 QPSK sym-
bols was assumed. LDPC codes of length 32,400 were adopted, with a code rate of %2. This
corresponds to 64,800 coded bits, whose sequence is generated as defined in [24]. A severe
Rayleigh fading channel was considered with 20 uncorrelated equal power paths. This
corresponds to a highly demanding channel, which can be viewed as a worst-case scenario
for underwater propagation. The high number of multipaths and having all of them with
the same average power makes this channel very destructive in terms of the creation of
intersymbol interference, which can be viewed as the most disruptive cause that limits
UWA communications. Channel estimation with training sequences is assumed. Multi-
layer MIMO is assumed (spatial multiplexing). Except for the ZF, the other receivers are
iterative, canceling the residual interference generated in the decoding algorithm. Never-
theless, while the ZF is much more computationally demanding, the other receivers are
not. We considered four iterations of the iterative receivers, as the performance improve-
ment was almost negligible beyond four iterations. As defined in Section 2.3, the Markov
chain, binary state model, was assumed to simulate the impulsive noise (in addition to
other impairments, such as fading and AWGN noise), typically present in underwater
scenarios. We considered p,, =0.1 and p,, =0.8. Moreover, we have defined the fol-
lowing probabilities: Prob(Good->Bad) = 0.1; Prob(Good->Good) = 0.9; Prob(Bad->Bad) =
0.2; Prob(Bad->Good) = 0.8, while in [11] a probability of p,, =0.0098 was assumed (i.e.,
Prob(Good->Bad). Note that Prob(Good->Bad) stands for the probability of transition
from Good to Bad state. Impulsive noise [11,12] may vary from symbol to symbol. More-
over, we assumed a variance of the impulsive noise (when in a bad state) 20 dB higher
than the variance of AWGN noise. Table 1 presents a list of baseline simulations utilized
in the different graphics of this section.
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Table 1. List of baselines utilized in simulations.

h 1 Cor-
Figure Diversity Encoding Channel Estimation ¢ anne‘ Cor Impulsive Noise
relation
Figure 3 MIMO 4 x 32 W/out LDPC With ideal channel estimation 0 With and w/out
ith
Figure 4 MIMO 4 x 32 wit I?Si Cw fout With ideal channel estimation 0 With
Figure 5 MIMO 4 x 32 With LDPC With channel estimation 0 and 0.3 With
With and t
Figure 6 MIMO 4 x 32 ' SSP Cw fou With channel estimation 0.3 With
0.3, 0.5, and .
Figure7 ~ MIMO4x32  With LDPC With channel estimation e With
With and t
Figure8 ~ MIMO4x32 ' 0 o fou With channel estimation 0.5 With
MIMO 4 x 32
Figure 9 g With LDPC With channel estimation 0.3 With

versus 4 x 256

Figure 3 (baseline 1) shows the performance results for UWA communications with
and without impulsive noise, with 4 x 32 MIMO, without LDPC codes, for four different
receivers: the ZF, MRC, EGC, and IB-DFE. The matched filter bound (MFB) curve is a way
to measure the channel modeled by the sum of delayed and independently Rayleigh-fad-
ing rays, which can be viewed as a lower bound. This graphic considers that the channel
correlation between adjacent antenna elements of the MIMO system does not exist (corre-
lation 0). Therefore, results with ideal channel estimation are considered in this graphic.
As expected, the results obtained with impulsive noise are much worse than those only
with AWGN noise for all the receivers. Nevertheless, it is known that the marine environ-
ment is characterized by the existence of impulsive noise generated by sea life activity,
making this scenario more realistic.

0
10 ' ' ' MFB
= Q= D= e 7F w/out impulsive noise
('S T x T ==©-— MRC w/out impulsive noise
a N ~ EGC w/out impulsive noise

107 §

BER
S

107 :

100

~
e IB-DFE w/out impulsive noise
= & =ZF with impulsive noise
= © =MRC with impulsive noise
EGC with impulsive noise

IB-DFE with impulsive noise

@

\
\

\ 1

\ =

Il 1 Il

15 20 25 30
E, /N, [dB]

Figure 3. Results for 4 x 32 MIMO (with and without impulsive noise), without LDPC codes, with
ideal channel estimation and without channel correlation between antennas.



Appl. Sci. 2022, 12, 5549

7 of 15

When comparing the different receiver types, it is viewed that the MRC is the one
that tends to achieve the best performance (while being less computational demanding
than the ZF), while the EGC achieves the worst performance. The ZF and IB-DFE present
the same results (these curves are superimposed, with and without impulsive noise). It is
worth noting that such superposition of the IB-DFE over the ZF curves occurs in all
graphics of this article. The Monte Carlo simulation considers the transmission of a high
number sequence of bits, varying the noise and channel conditions in each sequence, and
evaluating the number of corrupted bits. The BER is the quotient between the number of
corrupted bits and the number of transmitted bits. The simulation time for this graphic
was limited to approximately 6 h.

Figure 4 (baseline 2) shows the performance results for UWA communications with
and without LDPC codes, with 4 x 32 MIMO, with impulsive noise, with ideal channel
estimation, and without channel correlation between adjacent antenna elements. As ex-
pected, the use of LDPC codes corresponds to a performance improvement for all differ-
ent receiver types. Furthermore, such performance improvement obtained with the LDPC
codes is of the order of 5 dB. From these results, we can conclude that the LDPC codes,
adopted for 5G communications, are also well suited for UWA communications. The sim-
ulation time using LDPC codes increases drastically, as compared to the uncoded sce-
nario. This results from the fact that the required processing is higher and because the
BER is lower. With a lower BER, the number of transmitted bits needs to be higher, such
that the obtained BER can be viewed as an average value. The simulation time using LDPC
codes was around 36 h.

Figure 5 (baseline 4) shows the performance results for UWA communications with-
out channel correlation versus correlation 0.3 between adjacent antenna elements, for 4 x
32 MIMO, channel estimation, impulsive noise, and LDPC codes. As can be seen, having
a channel correlation of 0.3 between antennas leads to a very low performance degrada-
tion relating to the configuration without correlation. Although of such low performance
degradation, this configuration is more realistic because the UWA communications con-
sider carrier frequencies of the order of 15 kHz, whose wavelength is too high. It is known
that a minimum distance of around 3 to 4 wavelengths is required between adjacent an-
tenna elements to assure uncorrelated signals, which is difficult to achieve in sucha UWA
scenario. As previously described, while the results without LDPC are of the order of 6 h,
the simulation time using LDPC codes was around 32 h.

Figure 6 (baseline 5) shows the performance results for UWA communications with
and without LDPC codes, with 4 x 32 MIMO, with impulsive noise, with ideal channel
estimation, and with channel correlation 0.3 between adjacent antenna elements. Similar
to the results without correlation (Figure 4), the use of LDPC codes corresponds to a per-
formance improvement for all different receiver types, of the order of 5 dB. Nevertheless,
above 25 dB, the MRC with LDPC codes degrade relating to the MRC without LDPC
codes. The simulation time with channel correlation is the same as those without correla-
tion (it varies manly with and without LDPC codes).
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Figure 4. Results for 4 x 32 MIMO, with and without LDPC codes, with impulsive noise, with ideal
channel estimation and without channel correlation between antennas.
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Figure 5. Results for 4 x 32 MIMO, with channel estimation, with impulsive noise, with LDPC codes,
and without channel correlation versus with correlation 0.3 between antenna elements.
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Figure 6. Results for 4 x 32 MIMO, with and without LDPC codes, with impulsive noise, with chan-
nel estimation, and with channel correlation 0.3 between antenna elements.

Figure 7 (baseline 6) shows the performance results for UWA communications with
channel correlation 0.3 versus 0.5 and 0.7 between adjacent antenna elements, for 4 x 32
MIMO, channel estimation (pilots), impulsive noise, and LDPC codes. As expected, in-
creasing the level of channel correlation leads to a performance degradation. Moreover,
the performance degradation observed when we switch from correlation 0.3 into 0.5 is
moderate. Nevertheless, such performance degradation increases drastically when we
switch from correlation 0.5 into 0.7, especially for the MRC and EGC. It is viewed that the
MRC and EGC receivers degrade heavily when we increase the channel correlation. It is
worth noting that the channel correlation is a result of a reduced separation between an-
tenna elements. An uncorrelated channel requires a typical separation of 3 to 5 wave-
lengths. In UWA communications, where carrier frequencies of the order of 15 kHz are
employed, such separation is difficult to achieve. Therefore, studying the performance
with different values of channel correlation is important to evaluate the different receiv-
ers. Naturally, the channel correlation depends on the carrier frequency and distance,
making it worth studying the performance as a function of different channel correlation
values, rather than of the distance.
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Figure 7. Results for 4 x 32 MIMO, with channel estimation, impulsive noise, LDPC codes, and chan-

nel correlation 0.3 versus 0.5 and 0.7 between antenna elements.

Figure 8 (baseline 7) shows the performance results for UWA communications with

and without LDPC codes, with 4 x 32 MIMO, impulsive noise, ideal channel estimation,
and channel correlation 0.5 between adjacent antenna elements. Similar to results without
correlation (Figure 4) and results with correlation 0.3 (Figure 6), the use of LDPC codes
corresponds to a performance improvement for all different receiver types, except above
25 dB and for the MRC and EGC receivers. The performance improvement obtained with
LDPC codes is of the order of 5 dB.
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Figure 8. Results for 4 x 32 MIMO, with and without LDPC codes, impulsive noise, channel estima-
tion, and channel correlation 0.5 between antenna elements.

Figure 9 (baseline 8) shows the performance results for UWA communications with
4 x 32 versus 4 x 256 MIMO, LDPC codes, impulsive noise, ideal channel estimation, and
channel correlation 0.3 between adjacent antenna elements. Since MIMO multi-layer
transmission was employed (spatial multiplexing), the number of transmitting antennas
corresponds to the number of parallel flows of data, while the number of receiving anten-
nas provides diversity. Therefore, 4 x 256 MIMO has a diversity eight times higher than 4
x 32. This translates into an improvement of performance for all receiver types. In the
scenario of 4 x 32 MIMO, we observe that the MRC performance tends to degrade above
25 dB, while the ZF and IB-DFE performances are very close to the MFB. Nevertheless,
with 4 x 256 MIMO, the MRC performs very close to the MFB and similar to the ZF and
IB-DFE (these curves are almost superimposed). This occurs because the level of residual
interference mitigated by the iterative receiver of the MRC is more accurately estimated
and canceled due to the higher level of diversity provided by the 4 x 256 MIMO. The sim-
ulation time of 4 x 256 MIMO and LDPC codes is around 48 h, while 4 x 32 MIMO and
LDPC codes it corresponds to around 36 h.
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Figure 9. Results for 4 x 32 MIMO versus 4 x 256 MIMO, LDPC codes, impulsive noise, channel
estimation, and channel correlation 0.3 between antenna elements.

4. Conclusions

This article publishes the results of a study of LDPC-coded UWA communications,
with m-MIMO and SC-FDE transmission technique, for four different receiver types: ZF,
MRC, EGC, and IB-DFE. It was viewed that the IB-DFE tends to achieve the best overall
performance, while the level of computational demand is highly reduced as compared to
ZF, which also translates into less battery consumption. It was also viewed that a channel
correlation of 0.3 or 0.5 between adjacent antenna elements could still be accepted because
their performance degradation, as compared with the scenario without channel correla-
tion, is moderate. Regardless of such performance degradation, this configuration is more
realistic because the UWA communications consider carrier frequencies of the order of 15
kHz, whose wavelengths are too high. It is known that a minimum distance of around 3
to 4 wavelengths is required between adjacent antenna elements to ensure uncorrelated
signals, which is difficult to achieve in such a UWA scenario. It was also viewed that in-
creasing the correlation between adjacent antenna elements to 0.7 makes the system al-
most unacceptable, as it heavily degrades the performance.

It was shown that increasing the number of receiving antennas of the MIMO system
leads to a more accurate estimation and cancelation of the residual interference of the it-
erative receivers (MRC and IB-DFE), improving their performances closer to the MFB.
This occurs because this article considers spatial multiplexing MIMO (multi-layer trans-
mission), where the number of receiving antennas corresponds to the diversity order.
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Finally, it can be concluded that for the UWA environment, a system composed of
LDPC codes associated with m-MIMO, using SC-FDE signals, and with the low complex-
ity reached with the MRC receiver, makes such a composed system a good combination
to achieve future evolutions of UWA communications, even in the presence of impulsive
noise.
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