Liu et al. EURASIP Journal on Wireless Communications and Networking (2020) 2020:143 H
https://doi.org/10.1186/513638-020-01755-9 EU RASI P JO urna I on Wire l _eSS
Communications and Networking

RESEARCH Open Access

Variable observation window length ")
blind equalization detector for underwater
acoustic communication

Zhiyong Liu” ®, Fan Bai and Zhoumei Tan

*Correspondence: Izyhit@hit.edu.cn
School of Information Science and Abstract

Engineering, Harbin Institute of Aiming at the influence of underwater acoustic channel (UAC) profile difference on the
Technology, West Wenhua Road, A S . ) .
Weihai 264209, China performance of underwater acoustic communication, a variable observation window
length blind equalization detector (VOWL-BED) is proposed in this paper. Compared
with the existing methods, the observation window length (OWL) of the proposed
VOWL-BED can be dynamically regulated on the basis of a given UAC profile and finally
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The simulation results also demonstrate that the VOWL-BED can achieve better
performance than the conventional invariable OWL blind equalization detector
(IOWL-BED).
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1 Introduction

Underwater acoustic channel (UAC) is one of the most complex wireless channels. In such
channels, intersymbol interference (ISI) is caused by the overlap of symbols, due to the
multipath signal propagation [1-3]. Severe ISI is one of the important factors degrading
the system performance of underwater acoustic communication.

To achieve reliable communication over the underwater acoustic channels, many
equalization techniques have been developed to mitigate the ISI. Most of the exist-
ing equalization techniques work in the traditional non-blind mode [4-7], the training
process is indispensable, and the tap coefficient vector is obtained based on the train-
ing sequences. However, the bandwidth of UAC is limited [1, 3]. The actual utilization
for limited frequency band is enormously reduced by the use of training sequences.
To use the restricted bandwidth of UAC more efficiently, some blind equalization
approaches are applied to underwater acoustic communication [8—31]. In the blind equal-
ization, the updating of tap coefficient vector takes advantage of the priori knowledge of
transmitted signal statistics rather than the training sequences. Constant modulus algo-
rithm (CMA) and multimodulus algorithm (MMA) are the two most approved blind
equalization algorithms. In [8-24], the CMA and the improved CMA are applied to
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underwater acoustic communication. To implement phase recovery in the constella-
tion, the rotator needs to be added to the output of the CMA blind equalizer, and
thus, the complexity of the receiver is increased. The MMA can simultaneously com-
plete the blind equalization and the phase recovery, eliminating the requirement for
the rotator. For underwater acoustic communication system with QAM modulation, the
equalization performance can be improved by using the MMA [25-28]. In addition,
at the cost of increasing complexity, the structure of blind equalization in conjunction
with a multichannel combiner has been proven to be effective for improving system
performance [29-31].

The equalization performance based on minimum mean square error (MMSE) stan-
dard has been comprehensively analyzed, the results show that the MMSE obtained by the
equalizer is a monotonically non-increasing function of the observation window length
(OWL) [32, 33], and the OWL would severely influence the performance of equalizer.
To achieve optimal equalization performance, one of the main challenges is the selection
of the OWL. Several variable OWL schemes for non-blind equalization algorithm are
proposed for terrestrial wireless communication environment [34—39]; in these schemes,
the channel is assumed to be stationary, and the observation period is infinitely long.
However, in underwater scenarios, the channel exhibits obvious non-stationarity. The
number of stationary observations, which can be obtained within a certain time inter-
val, is restricted by the variability of UAC with time changing [40]. The finite number of
stationary observations used to adaptively adjust the OWL in turn restricts the adaptive
and effective selection of OWL, which makes the OWL adaptation difficult to accom-
plish under the underwater acoustic environment. Blind equalization provides a possible
solution to the problem; because the training sequence is not required, the algorithm
is implemented with the priori knowledge of transmitted signal statistic. However, in
all previous formulations of the blind equalization, the OWL is assumed to be fixed
[8-31]. Moreover, in different time and different underwater environment, the chan-
nel profile is different, and the optimal OWL for blind equalization is related with
the specific channel profile. Therefore, in practical underwater acoustic communica-
tion, the optimal OWL is difficult to obtain in advance. The performance of blind
equalization is seriously affected by the OWL. If the OWL is too long, it would
increase the computational complexity of blind equalizer; on the contrary, in case the
OWL is too short, the required blind equalization performance may not be obtained.
Hence, to accomplish better blind equalization performance, the blind equalizer needs
to have the ability to dynamically regulate and search the optimum OWL in the light
of the given UAC profile. As far as we know, the investigations on variable OWL
blind equalization detector (VOWL-BED) for underwater acoustic communication are
still lacking.

In this paper, a VOWL-BED for underwater acoustic communication is proposed. The
detector can adaptively regulate the OWL on the basis of the given UAC profile. More-
over, the proposed blind equalization detector does not need the training sequences
and thus can improve the transmission efficiency. As a result, for the actual underwater
acoustic environment, the proposed VOWL-BED is more feasible for the realization of
the underwater acoustic communication systems. Overall, the main contributions of the
paper can be summarized as follows:
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e We propose an underwater acoustic communication system based on blind
equalization detector. Because no training sequence is needed by the BED, the
transmission efficiency of system is improved.

e To achieve better performance, a variable observation window length blind
equalization detector base on accumulated squared error (ASE) is also proposed. The
OWL of the detector can be adjusted adaptively according to the profile of the
specific channel.

e The experiments of this paper are carried out based on MATLAB platform. To better
simulate the real underwater acoustic scenarios, the Bellhop model is used to
produce the underwater acoustic channel. We conduct designed simulation to verify
the feasibility of adjusting OWL for BED. We also verify that the proposed
VOWL-BED can achieve better performance than traditional invariable OWL blind
equalization detector (IOWL-BED).

The rest of this paper is organized as follows. Section 2 presents the considered system
model and the existing IOWL-BED. The proposed VOWL-BED is introduced in Section
3. The simulation results and discussion are given in Section 4. Finally, conclusions are

drawn in Section 5.

2 System model and conventional method

2.1 System model

We consider a point-to-point underwater acoustic communication system, in which the
quadrature amplitude modulation (QAM) is adopted. For the transmitter, the transmitted
signal can be given by:

Ny
x(t) =Y _d(i)p (t —iTy) (1)
i=1
where N, is the number of symbols per data packet, T represents the symbol period,
d(j) denotes the equiprobable and statistical independent 4-QAM data stream, and p(¢)
represents the pulse waveform of the transmitted symbol. After the transmitted signal
x(¢) is transmitted via the UAC, the received signal can be written as:

u(t) = x(t) * hir(t) + n(t) 2)

where * expresses the convolution operation, 7(¢) denotes the additive white Gaussian
noise (AWGN), and /z(¢) is the impulse response of UAC, and can be obtained by the
Bellhop model [41, 42].

The received complex baseband signal u(t) is firstly sampled with the symbol inter-
val, and then, the sampled signals u(k) are used as the input of the BED. For the symbol
interval sampled signals, the BED correspondingly adopts the structure of symbol spaced
linear filter. In the blind equalization algorithm, the signal vector composed of u(k) is
given by:

v(k) = [u(k — 1), u(k —2),- -, u(k — M)] 3)
where M is the OWL of BED. The homologous tap coefficient vector can be expressed as:

W(k) = [th Wk2, - WkM] (4')
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(M-1)/2 M-1)/2
—_—— ——
where w(k) is initialized withw = | 0,---,0,1,0,---,0 |.

From v(k) and w(k), we can obtain the output of BED, as shown below:
§(k) = vikyw" (k) = Fr(k) + 51 (k) (5)

where ()T represents the transpose operator, and yr(k) and y;(k) denote the real and
imaginary parts of the BED output, respectively.

2.2 The conventional IOWL-BED
The structure of IOWL-BED is shown in Fig. 1. For MMA, the cost function is defined as
[43, 44]:

Im(k) = Jr(k) + Ji (k) (6)
where J;(k) is the cost function for y;(k), i € {R, I} and can be given by:
itk = E{ [0 - G2.]'} )

where i € {R,I}, Gy; can be calculated with G,; = E{d?(k)}/E{diZ(k)}, dr(k) rep-
resents the real part of d(k), and dj(k) is the imaginary part. For the BED, the total
error is resolved by the difference between the BED output and the signal statistic of the
transmitted signal and can be expressed as:

e(k) = er(k) + jer(k) (8)
where

er(k) = Jr(k) (3% (k) — Gor) 9)

er(k) = 31(k) (32 (k) — Ga) (10)

According to the Jy1(k), the optimization of BED is achieved via minimizing of the mean
square error (MSE) for eg(k) and e;(k). Iterative algorithm-based stochastic gradient can
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Fig. 1 The structure of VOWL-BED (the solid line denotes IOWL-BED)
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be used to simplify the problem of MSE minimization. Here, the normalized least mean
square (NLMS) algorithm is employed to settle the optimization problem as below [45]:

wk +1) = wk) — %e(k)v*(k) (11)
p+ vl
where w(k) denotes the complex-valued tap coefficient vector of BED, with dimensions
M x 1; p > 0 is a small value whose object is to preclude numerical difficulties when the
input signal vector v(k) is very small; and A should satisfy [45]:

Re {E [z (k)e* (k) /lv(o)11*]}
E[le(k)*/ v 1]
where ¢ (k) = lﬁH (kyv(k), ¥ (k) = w, — w(k), w, denotes the optimum tap coefficient

vector.

0O<A<?2 (12)

3 Method: the proposed variable observation window length blind
equalization detector

The previous studies have focused on IOWL blind equalization detector. In this section,

a VOWL-BED is devised, and the detector structure is given in Fig. 1. Compared with

the existing non-blind method for real value signals in [36], (1) the devised detector can

deal with complex value QAM signals, and (2) the proposed detector is based on blind

equalization, rather than traditional equalization with training sequence.

Under the same conditions, when the OWL of BED is different, the output y(k) of detec-
tor is also different. At each OWL, the evident error e(k) can be calculated with Eq. (8).
Based on the MMSE criterion, the mean square error of error signal e(k) can be used as a
measure for the performance of BED at a certain OWL:

k )
j—1€20)

k
From the Eq. (13), it can be seen that a division operation is required in the end. But in

MSE(k) = E[le(k)[*] = (13)

fact, even if no division operation is performed, the accumulated squared error (ASE) can
still measure the BED performance. Therefore, to reduce the computational complexity,
the regulation of OWL can use ASE as the measure standard, and for a certain OWL, the
ASE is given by:

ASE(k) = Z},kzl e (j) (14)

In the process of OWL regulation, the input sequence is divided into equal segments.
The length of each segment, which is used to calculate ASE for a certain OWL, is set as
N;. Theoretically, with the increase of the number of segments, the ASE ASE(k) obtained
with each segment sequence will become smaller and smaller:

ASEn (k) < ASEn_1(k) (15)
where
k .
ASENG) =D Y yrn () () = Gag) +iyn ) (G = Goa)[F (16)

i

k .
ASEN-1(0) = D v a1 (0) (-1 (0 = Gaur) + iin—1K) (-1 (0) = Ga) |
(17)
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where y is a forgetting factor used to weight the relative importance of recent and pre-
ceding outputs of BED, y < 1; y,,, (/) denotes /th output of the VOWL-BED for the Lth
segment input sequence, m € {R,I}; and ASE (k) is the ASE of the Lth segment input
sequence.

The OWL adjustment process of VOWL-BED can be described as below:

If ASEn (k) < n,ASEN_1(k), the OWL increases g taps:

q q
—— ——

w (k)= 1{00---0,w(k),00---0 (19)

'k+1) =w((k) — ——— (v ()" (20)
i T v

If ASEn (k) > ngASEN_1(k), the OWL decreases g taps:

V'(k) = [ulk =1 - g utk—2—q),-- ,utk = M+ q)] (21)
W (k) = [Wk(14q) Wk@tq)** » Wk(M—q) | (22)

w(k+1) =w'k) — e (kv (k)* (23)

p+ IV (Rl
where 7,4 needs to meet 14 < 1, and 7, and 1, should satisfy ,, < n,4. The function of n,
and 7, is to determine the sum of adjustments to increase or decrease the OWL of BED
according to the improvement or deterioration of ASE. The closer the values of 1, and n,
are, the more frequently the OWL will be adjusted by the detector.

In the adjustment process, the proposed detector continually calculates and compares
the successive ASE for different OWL, then evaluates the impact that the last added length
of observation window has on the SMSE level. If ASEx (k) is much less than ASEx_1 (k),
then increasing length of observation window is most likely to improve the detection
performance; therefore, the OWL should be increased. If the ASEy (k) is similar or bigger
than ASEx_; (k), the result indicates that the last increased length of observation window
has little effect on the improvement of detection performance, and thus, the increased
length should be removed.

In addition, it is worth noting that when the OWL of VOWL-BED and IOWL-
BED is the same, the incremental complexity caused by adjustment of OWL is finite.
This is because for VOWL-BED, the adjustments of OWL only require multiplication,
subtraction, and addition operations.

4 Simulation results and discussion

In this section, we present simulation results for the OWL regulation verification and
the performance comparison of different approaches. The Bellhop underwater acoustic
channel model is used in the simulation. In the model, the carrier frequency is 12 KHz,
the range between transmitter and receiver is set as 200 m, both transmitter and receiver
are located at a depth of 10 m, and the wave height is set as 0.2 m. We assume that the
information bit frame length is 500, and the transmitter adopts 4-QAM mode. For IOWL-
BED, the OWL is set as 7. For the VOWL-BED, the initial length of observation window
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is set as 1, the segment length N; is 10 bits, and the parameter g of each OWL regulation
is set as 2.

4.1 Verification of OWL regulation

First of all, for a given UAC envelope, the optimum OWL is acquired by the simulation
approach. The specific channel profile is generated with the Bellhop model. The influ-
ences of OWL on steady-state MSE (SMSE) are showed in Fig. 2; each point on the curve
is acquired through averaging the SMSE on every data packet. The output SMSE of BED
can be computed by SMSE = E [Ie(n)lz] = 2?%62(1) after the blind equalization algo-
rithm achieves convergence. As shown in Fig. 2, the OWL can severely affect the SMSE
performance of BED. In this paper, taking into account the implementation complexity,
we define the optimum OWL according to the minimum requirement, which means that
the performance approximating to the optimal SMSE can be obtained with the minimum
OWL. From Fig. 2, it can be observed that when OWL is probably set between 13 and 20,
the detector achieves extremely similar SMSE performance, and all the obtained perfor-
mances are close to optimal SMSE. On the basis of the definition of the optimum OWL,
we can obtain the optimum OWL, which is about 13.

Then, we would validate the OWL regulation capability of VOWL-BED. The evolving
curve of OWL is acquired with the approach of averaging all the evolving curves, which
are obtained with different data packets. Figure 3 shows the adaptive adjustment pro-
cess for OWL with VOWL-BED. In the simulation, for (16) and (17), y is set to 0.999. In
Egs. (11), (20), and (23), 1 and p are set to 0.25 and 0.6, respectively. 1, is set as 0.98, and
nq is set to 0.989. In the simulation of OWL adjustment, the same underwater acoustic
channel used in Fig. 2 is adopted. From Fig. 3, we can see that after VOWL-BED adap-
tively adjusted the OWL, the OWL can finally converge to the optimal OWL, which is
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Fig. 2 SMSE performance for IOWL-BED with different OWL at SNR =15 dB
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Fig. 3 OWL evolution curve for VOWL-BED at SNR =15 dB

consistent with the result of Fig. 2. Based on the above results, for the VOWL-BED, the
capability of OWL regulation is verified.

4.2 Comparison of BER and convergence performance

In this section, the comparisons of BER and convergence performance of different blind
equalization approaches are given. To compare the two performances, we built the Monte
Carlo simulation based on the Bellhop model. In the simulation, 500 data packets are
transmitted; by way of the process of averaging 500 BER and convergence curves, the BER
and convergence curves are obtained.

Figure 4 depicts the BER performance of IOWL-BED and VOWL-BED schemes. It is
seen that compared with IOWL-BED, the VOWL-BED achieves much better BER perfor-
mance with about 10 dB gain around BER = 102, This is because the OWL of BED plays
an important role in influencing the BER performance, and the OWL can be adaptively
adjusted by the proposed VOWL-BED on the basis of the given UAC envelope. Figure 5
compares the convergence curve of the proposed VOWL-BED and the conventional
IOWL-BED. It can be observed from Fig. 5 that the convergence rate of VOWL-BED is
very close to the IOWL-BED, but VOWL-BED can achieve smaller SMSE than IOWL-
BED. The reason is that the SMSE performance of BED is severely affected by the length of
observation window, and the proposed VOWL-BED can dynamically regulate and finally
obtain the optimum OWL.

5 Conclusion

In this paper, a VOWL-BED for underwater acoustic communication is proposed. Con-
sidering the influence of UAC envelope difference on system performance, the proposed
detector can dynamically regulate the OWL on the basis of the given channel envelope
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and finally converge to the optimum OWL. In addition, the proposed detector is real-
ized based on blind equalization algorithm, and the training sequences are not needed.
Therefore, the transmission efficiency can be greatly improved, which make the pro-
posed detector more suitable for practical underwater acoustic communication systems.
Simulation results prove the OWL regulation ability of the VOWL-BED. Simulation
results likewise illustrate that the performance of VOWL-BED outperforms that of the
conventional IOWL-BED.
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BED: Blind equalization detector; VOWL-BED: Variable observation window length blind equalization detector; IOWL-BED:
Invariable observation window length blind equalization detector; ISI: Intersymbol interference; MMSE: Minimum mean
square error; ED: Equalization detector; CMA: Constant modulus algorithm; MMA: Multimodulus algorithm; ASE:
Accumulated squared error; QAM: Quadrature amplitude modulation; MSE: Mean square error; SMSE: Steady-state mean
square error
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