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A signal transmitted in a shallow Underwater Acoustic Communication (UAC) channel suffers from time
dispersion due to the multipath propagation and the refraction phenomena. This causes intersymbol
interference of the received signal and frequency-selective fading observed in its spectrum. Coherence
bandwidth is one of the key transmission parameters used for designing the physical layer of a data
transmission system to minimise the influence of time dispersion on the received signal. It can be calcu-
lated on the basis of the channel impulse response, measured with the use of the correlation method and
frequency modulated signals or pseudorandom binary sequences. Such signals have a narrow, impulse-
like autocorrelation function if considered in baseband. However, in the case of bandpass measurements,
the influence of the probe signal on the estimate of the impulse response, and thus on the estimate of
transmission parameters, is no longer negligible. The paper presents the results of an experimental study
on probe signal bandwidth influence on estimation of coherence bandwidth. Simulations were carried
out using UAC channel impulse responses measured in an inland reservoir.
� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The bit rate achieved in UAC systems is much lower than for
wire or radio-communication systems. This is due to the disadvan-
tageous properties of the UAC channels, namely the sea and inland
waters, but is also due to the technical capabilities of the genera-
tion and reception of acoustic waves. Within a limited bandwidth,
the signal is subject to multipath propagation through a channel
whose characteristics vary with time and are highly dependent
on the location of the transmitter and receiver. While vertical
channels exhibit little time-dispersion, horizontal channels may
have extremely large multipath spreads. In a digital communica-
tion system multipath propagation causes Inter-Symbol Interfer-
ence (ISI), which can be expressed as the multipath spread in
terms of symbol intervals. In the case of medium-range shallow
water UAC system multipath propagation may cause the ISI to
extend over 100 transmitted symbols [8]. The multipath propaga-
tion phenomenon goes hand-in–hand with strong refraction,
caused by a significant change in sound velocity as a function of
depth [5]. Both multipath propagation and refraction produce time
dispersion of the transmitted signal, the consequence of which is
frequency-selective fading observed in the frequency response of
the channel. This has a degrading influence on the ability to cor-
rectly detect transmitted information. Minimizing this impact
requires adaptation of the modulation and coding scheme to the
propagation conditions in the communication channel.

Coherence bandwidth Bc is a statistical measure of the range of
frequencies over which the channel is not affected with frequency-
selective fading. It is a maximal frequency range, wherein the
amplitude characteristic of the channel remains constant and its
phase characteristic is linear [19,7]. In the case of single-carrier
system, the signal bandwidth is selected to be smaller than Bc to
avoid frequency-selective fading [19,18]. In the case of multi-
carrier system, the coherence bandwidth determines the maximal
subcarrier spacing [19,11,9,13].

The coherence bandwidth is calculated on the basis of the Time-
Varying Impulse Response (TVIR) of the underwater acoustic chan-
nel. The direct measurement of such a TVIR requires exciting the
tested channel with short pulses having flat spectrum in the whole
frequency band of the system transfer function. However, the
pulses generated by acoustic measurement equipment have
energy sufficient mere in laboratory conditions – in small rooms
and test tanks [12]. It is difficult to generate a signal that imitates
a Dirac pulse well, with a very high concentration of energy over
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time. In underwater acoustic measurements, the source of such an
impulse may be an explosive. There are explosive sound sources,
like SUS (Signal, Underwater Sound), used for generating high
amplitude pulses directly in the propagation medium [2,3]. How-
ever, the influence of underwater explosion does not constitute a
single impulse but a few large energy pulsations of gas bubbles
[6]. Moreover, pulse signals generated with an explosive sound
source is difficult to synchronize – first, when repetition is needed,
and second, for synchronized reception.

For this reason, the TVIR of UAC channel is commonly measured
by correlation method [1]. In this method, probe signals having a
wide frequency spectrum are used, namely Pseudo-Random Binary
Sequence (PRBS) and Linear Frequency-Modulated (LFM) chirp
trains [22]. The PRSB signal is constructed of the pseudo-noise
sequence, which is upsampled to achieve a desired binary switch-
ing rate, commonly referred to as the ‘chipping’ rate, which, in
turn, determines the bandwidth of the probe signal. Such an
upsampled binary sequence is used to modulate the carrier fre-
quency according to the Binary Phase Shift Keying (BPSK) tech-
nique [22,20,21,17]. The LFM chirp train signal is a sinusoid with
lineary increasing frequency from minimal to maximal value. The
difference between these values determines the bandwidth in
which the measurement is performed. Also the Hyperbolic
Frequency-Modulated chirps (HFM) can be used for the UAC chan-
nel sounding. Such a signal is a sinusoid with exponentially
increasing frequency [17]. At the receiver site, the measured PRBS
signals, as well as LFM and HFM chirps, are passed through the fil-
ter matched to a single transmitted probe signal. The signal at the
output of the matched filter represents the TVIR of the channel.

In this paper the PRBS probe signal is considered. It has a nar-
row, impulse-like autocorrelation function if considered in base-
band. Such an autocorrelation function allows the influence of
the probe signal on the impulse response estimate to be min-
imised. However, in the case of bandpass PRBS measurement, the
deterioration of the correlation property of bandlimited probe sig-
nals is observed, and the influence of its autocorrelation function
on the estimate of impulse response is no longer negligible. This
may lead to incorrect estimation of the coherence bandwidth
and, as a consequence, to setting such parameters of the physical
layer of data transmission that will not ensure the best possible
rate or reliability of communication.

Although bandlimited PRBS signals are often used for UAC chan-
nel sounding, to the best of the authors’ knowledge, there are no
publications on the impact of the probe signal bandwidth on the
estimate of the coherence bandwidth. This problem does not arise
in the case of shallow channels, in which there are conditions of
strong multipath propagation. In such cases the coherence band-
width is often of the order of single or tens of hertz, and the probe
signal has a bandwidth that is many times greater, of the order of
kHz [22]. However, in vertical channel or in horizontal deep ocean
channel, where there is a little time-dispersion of the received sig-
nal, the coherence bandwidth of the channel may be of the same
order as the bandwidth of the probe signal, and the influence of
the latter one on the estimate of this transmission parameter
may not be negligible.

The problem of the estimation of coherence bandwidth of the
UAC channel was previously mentioned in the conference paper
[10]. In this paper we present a more detailed analysis of this prob-
lem, which is extended with the results of simulation tests
obtained using replay UAC channel model based on the impulse
responses measured in an inland reservoir. The goal of the tests
performed was to assess the influence of the probe signal band-
width on the estimated coherence bandwidth and to determine
what the signal bandwidth should be in relation to the Bc parame-
ter so that its influence on Bc estimation is negligible. The knowl-
edge acquired during these tests can be used to achieve greater
2

accuracy in the estimation of the coherence bandwidth, which is
used for designing the modulation and coding schemes of modern
UAC systems, i. e. Orthogonal Frequency-Division Multiplexing
(OFDM) systems and spread spectrum systems with frequency
hopping technique [9,16].

2. Bandlimited probe signal for UAC impulse response
measurement

The channel impulse response measurement is usually per-
formed by the correlation method using the probe signal, which
has a narrow, impulse-like autocorrelation function if considered
in baseband. A Pseudo-Random Binary Sequence (PRBS) is one type
of signals that meets this requirement [22,20]. The Power Spectral
Density (PSD) of the baseband PRBS is constant for all the discrete
frequencies in the covered frequency band, except for the DC off-
set. Such truly wideband sequences are used for measurements,
inter alia, in room acoustics or building acoustics [15,4].

In underwater acoustics, bandpass PRBS signals of limited band-
width are used. The pseudo-random sequence is upsampled by a
factor of R and passed through a Zero-Order Hold (ZOH) filter of
transfer function given by [14]:

HZOH fð Þ ¼ T
sin pfTð Þ
pfT e�jpfT ; T ¼ R=f s ð1Þ

where f s is the sampling rate. Next, a complex-value representation
of the PRBS is obtained with the use of a Hilbert transform. Such a
baseband probe signal s tð Þ is used to modulate the carrier waveform
of frequency f c .

At the receiver side a recorded signal is brought to the complex
baseband and downsampled. Next, the matched filtration is per-

formed. As a result an estimate ĥ tð Þ of impulse response is
obtained, which is a convolution of the channel impulse response
h tð Þ and the autocorrelation function of probe signal
Rs Dtð Þ ¼ E s tð Þs� t þ Dtð Þ½ �. Thus, in the frequency domain, the esti-

mate of channel transfer function bH fð Þ is equal to:

Ĥ fð Þ ¼ H fð ÞHs fð Þ ð2Þ

where the transfer functions: Ĥ fð Þ;H fð Þ, and the power spectral

density Hs fð Þ are calculated as the Fourier transforms of ĥ tð Þ;h tð Þ,
and Rs Dtð Þ, respectively.

3. Estimation of coherence bandwidth

The coherence bandwidth Bc is obtained on the basis of the
Space-Frequency Correlation Function (SFCF) RH Dfð Þ, which is cal-
culated as the autocorrelation of the channel transfer function
H fð Þ:
RH Dfð Þ ¼ E H fð ÞH� f þ Dfð Þ½ � ð3Þ

The coherence bandwidth Bc is calculated as the width of
RH Dfð Þ at a given threshold TR. Usually TR is equal to 0.5 of the
maximum value of RH Dfð Þ [19].

In case of channel measurement performed by correlation
method, SFCF is affected by the influence of the bandlimited probe
signal. Fig. 1 shows the results of simulation test performed in Mat-
lab environment. A probe signal was convolved with the impulse
response h tð Þ measured during the inland water experiment. The
PRBS probe signal of bandwidth Bs ¼ 2 kHz was constructed of an
m-sequence of rank L ¼ 10. As a result of the simulation test the

estimate of theimpulse response ĥ tð Þ was obtained, which corre-

sponds to the bandlimited transfer function Ĥ fð Þ. The Space-

Frequency Correlation Function RĤ Dfð Þ ¼ E Ĥ fð ÞĤ� f þ Dfð Þ
h i

was
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Fig. 1. The influence of the probe signal autocorrelation function in frequency
domain (Rs Dfð Þ) on estimated SFCF of the channel (RĤ Dfð Þ); RH Dfð Þ – real SFCF of
the channel; Bs – probe signal bandwidth; Bc- coherence bandwidth of the channel.

I. Kochanska, J.H. Schmidt and A.M. Schmidt Applied Acoustics 183 (2021) 108331

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

calculated on the basis of the transfer function Ĥ fð Þ, and the RH Dfð Þ
is given by Eq. (3). The characteristic Rs Dfð Þ ¼ E Hs fð ÞH�

s f þ Dfð Þ� �
corresponds to the autocorrelation function of the probe signal
PSD. It is clearly seen that RH Dfð Þ and RĤ Dfð Þ have different shapes,
which results in different values of the coherence band Bc mea-
sured at the threshold level TR ¼ 0:5.

The relationship of the Space-Frequency Correlation Function
RH Dfð Þ and RĤ Dfð Þ can be described as:

RĤ Dfð Þ¼ E H fð ÞH� f þDfð ÞHs fð ÞH�
s f þDfð Þ� �¼RH Dfð ÞRs Dfð ÞþC Dfð Þ

ð4Þ

where:

C Dfð Þ ¼ cov H fð ÞH� f þ Dfð Þ;Hs fð ÞH�
s f þ Dfð Þ� � ð5Þ

according to a relationship of expected values of a product of two
stochastic processes: E XY½ � ¼ E X½ �E Y½ � þ cov X;Yð Þ. Eq. (4) can be
simplified to RĤ Dfð Þ ¼ RH Dfð ÞRs Dfð Þ, when H fð Þ and Hs fð Þ repre-
sent independent processes.
Fig. 2. Modules of TVIRs of underwater channel m

3

A time-domain autocorrelation function of impulse response of
ZOH filter Rs Dtð Þ is a triangular function, which can be described
as:

Rs Dtð Þ ¼ 1þ Dt
T if � T 6 Dt < 0

1� Dt
T if 0 6 Dt < T

(
ð6Þ

Its PSD Hs fð Þ calculated as the Fourier transform of Rs Dtð Þ is the
same as HZOH fð Þ described by Eq. (1). The autocorrelation function
in frequency domain Rs Dfð Þ is equal to:

Rs Dfð Þ ¼ E Hs fð ÞH�
s f þ Dfð Þ� �

¼ T2 1
p2Df 2T

� sin 2pDfTð Þ
2p3Df 3T2

� � ð7Þ

To minimize the influence of the probe signal on the estimated
RĤ Dfð Þ and thus on the coherence bandwidth Bc , values of Rs Dfð Þ
should be close to 1 in the bandwidth equal to the estimated
coherence bandwidth. If Bc is measured at 0.5 of RĤ Dfð Þ, it must
be ensured that Rs Dfð Þ has values close to 1 in this range.

4. Simulation tests

The influence of bandlimitation of the probe signal on the
coherence bandwidth Bc value was tested using the UAC replay
channel, simulated by channel impulse responses measured in
Wdzydze Lake in Poland. During the inland water experiment the
transmission side was placed on the boat and the transmission
transducer was sunk to a depth of 10 metres, where the depth of
water was about 20 metres. The receiving equipment was placed
in a measuring container, and the receiving transducer was sunk
to a depth of 4 m, where the depth of water was about 7 m. The
distance between the transmitter and receiver positions was 330,
550 or 1035 m. Measurements were carried out on two consecu-
tive days: May 4 and 5, 2017. On the first day, when an experiment
was performed at a distance of 550 m, the weather was windy and
it was raining. The next day, during the measurements at distances
of 330 m and 1035 m, the weather was windless; it was not raining
and the water surface was calm. Channel Time-Varying Impulse
Response (TVIR) was measured by the correlation method with
the use of PRBS signal, based on an m-sequence of rank 8 and 10.
The carrier frequency f c and the sampling rate f s in each case
easured during the inland water experiment.
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was equal to 30 kHz and 200 kHz, respectively. The bandwidth B of
the probe signal was equal to 10 kHz.

In the case of a bandlimited bandpass channel, channel impulse
reponse is equivalently described by a complex baseband Time-
Varying Impulse Response h t; sð Þ, defined in a window of observa-
tion time t and delay s. In tau domain the resolution of h t; sð Þ is
equal to 1=f s. A maximum value of delay s is a duration of a single
realisation of TVIR. It is equal to a single probe sequence duration,
that is Ts ¼ R�L

f s
, where L denotes number of m-sequence bits and R

denotes upsampling factor, which was equal to f s
B ¼ 20 during the

experiment. In case of m-sequence of rank 8, Ts was equal to
20�255
200 kHz ¼ 25:5 ms, and in case of m-sequence of rank 10 it is was
equal to 20�1023

200 kHz ¼ 102:3 ms. The probe sequence was repeated
numerous times, which allowed to get up to 480 realisations of
impulse response using m-sequence of rank 8, and up to 120 real-
isation of h t; sð Þ using m-sequence of rank 10. The modules of six
TVIRs gathered during the experiment are shown in Fig. 2. For each
of TVIRs, the Space-Frequency Correlation Function was calculated.
The resolution of SFCF in frequency domain is equal to 1

Ts
, that is

39.22 Hz in case of SFCF calculated on the basis of TVIR measured
with the use of m-sequence of rank 8, and 9.78 Hz in case of SFCF
calculated on the basis of TVIR measured with the use of m-
sequence of rank 10. The coherence bandwidth was obtained as
the width of SFCF at a threshold level of 0.5 of its maximum value.
The coherence bandwidth values are shown in Table 1.

Fig. 3 shows the SFCFs RH Dfð Þ corresponding to three of mea-
sured TVIRs, and the probe signal PSD autocorrelation function
Rs Dfð Þ. It is clearly seen, that the influence of probe signal of band-
width B ¼ 10 kHz on the coherence bandwidth Bc estimate is neg-
ligible due to values of normalized Rs Dfð Þ close to 1 for Df ¼ f 1 and
Df ¼ f 2, where f 1 and f 2 are the values for which normalized
RH Dfð Þ is equal to 0.5 (and thus the coherence bandwidth is equal
to Bc ¼ f 2 � f 1).

The simulation tests were performed in Matlab environment.
From each TVIR, 22 realizations of impulse response
Table 1
Parameters of TVIRs of underwater channel, measured during the inland water
experiment.

IR number Distance m-sequence rank coherence bandwidth

IR1 330 m 8 2745.1 Hz
IR2 330 m 10 2834.8 Hz
IR3 550 m 8 549.0 Hz
IR4 550 m 10 469.2 Hz
IR5 1035 m 8 156.9 Hz
IR6 1035 m 10 117.3 Hz

Fig. 3. Normalized probe signal PSD autocorrelation function (Rs Dfð Þ) and normalized S
Bc ¼ f 2 � f 1.

4

h tn; sð Þ;n ¼ 0;1; . . . ; N � 1ð Þ;N ¼ 22, were selected to simulate sta-
tionary UAC channels with multipath propagation. Probe signal s tð Þ
of a different bandwidth, varying from 100 Hz to 8 kHz, was trans-
mitted through such channels, to check what is the influence of s tð Þ
on the coherence bandwidth estimate.

During the simulation tests the received signal y tð Þ was calcu-
lated as the convolution of the probe signal s tð Þ and a single reali-
sation of the impulse response h tn; sð Þ. At the simulated receiver
side, matched filtration was performed, and new impulse response

estimates ĥ t; sð Þ were obtained. For each impulse response esti-

mate the corresponding transfer function Ĥ fð Þ and frequency cor-
relation function RĤ Dfð Þwere calculated. Finally, the coherence

bandwidth B̂c was obtained as the width of RĤ Dfð Þat the threshold
level TR ¼ 0:5 of its maximum value.
5. Results

The values of the coherence bandwidth estimate B̂c , averaged
over 22 simulation tests performed for each of 6 TVIRs measured
during the inland water experiment, are shown in Fig. 4. The
dashed line indicates the coherence bandwidth Bc values calcu-
lated on the basis of measured TVIR, and the blue marks present
the values of the coherence bandwidth ~Bc calculated as the width
of ~RH Dfð Þ defined as:
~RH Dfð Þ ¼ RH Dfð ÞRs Dfð Þ ð8Þ
~RH Dfð Þ is a SFCF which would be achieved if the transfer func-

tion H fð Þ of the UAC channel and the probe signal PSD Hs fð Þ were
mutualy independent. ~Bc is calculated at the threshold level equal
to 0.5 of the maximum value of ~RH Dfð Þ.

Additionally, Fig. 4 shows the values of the root mean squared
error EB calculated according to the following equation:
EB ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN
i¼1

B̂c � Bc

� �2

vuut ð9Þ
where N = 22 is the number of tests performed for each probe signal
bandwidth value Bs, with the use of a set of realisations of a given
TVIR. Fig. 5 presents all the root mean squared error EB values pre-
sented in Fig. 4, relative to the coherence bandwidth Bc value, as a
function of the probe signal bandwidth Bs relative to Bc .
FCFs (RH Dfð Þ) of the UAC channels measured during the inland water experiment;

http://mostwiedzy.pl


Fig. 4. B̂c estimate values averaged over 20 simulation tests (*), the rms error EB (+), and ~Bc (r) calculated under assumption, that the chanel transfer function H Fð Þ and probe
signal PSD Hs fð Þ are mutually independent.

Fig. 5. The root mean squared error Eb values for all simulation tests with the use of impulse response IR1-IR6, relative to the coherence bandwidth Bc as a function of the
probe signal bandwidth Bs relative to Bc .

I. Kochanska, J.H. Schmidt and A.M. Schmidt Applied Acoustics 183 (2021) 108331

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

6. Discussion

As it can be seen in Fig. 4, for IR1 and IR2, corresponding to the

UAC channel at a distance of 330 m, the values of B̂care close to the
measured coherence banwidth Bc , which is equal to 2745.1 Hz and
2834.8 Hz, respectively, when the probe signal has a bandwidth B
equal to 8 kHz. Thus, for B almost 3 times larger than Bc the root

mean squared error of B̂c is less than 0.06 Bc (Fig. 5).
In case of IR3 and IR4 impulse responses, for which the coher-

ence bandwidth Bc is equal to 549.02 Hz and 469.19 Hz, respec-

tively, the estimates B̂c are close to Bc when the measurement
signal has a bandwidth of at least B ¼ 2 kHz. Such a probe signal
provides the root mean squared error of about 0.2 Bc . The smallest
EB was obtained using the probe signal of bandwidth equal to
8 kHz. It was equal to 0.15 Bc in case of the IR3 response and 0.1
Bc in case of the IR4 response. It is worth noting that the IR3 and
IR4 impulse responses were measured during bad weather condi-
tions and strongly waving water surface, which could have influ-
enced the relatively high EBobtained during the simulation with
the use of these TVIRs.
5

In case of IR5, none of the probe signals allowed to obtain an

estimate of B̂c close to Bc equal to 156.86 Hz. This is probably
due to the fact that the SFCF frequency resolution for IR5, and thus
the smallest possible error of the coherence bandwidth estimation,
is equal to 39.22 Hz, which is as much as 25% of the Bc value. In
case of other responses measured by the probe signal based on
m-sequence of rank 8, the frequency resolution does not have such
a significant effect on the estimation error, because for IR1 the res-
olution equal to 39.22 Hz is 1.43% of Bc and for IR3 it is 7.14% of Bc .

In case of IR6, a probe signal of bandwidth equal to at least

2 kHz allowed to obtain B̂c with estimation error less than 0.05Bc .
The results obtained indicate that the estimation of the coher-

ence bandwidth of the UAC channel on the basis of the impulse
response, measured by correlation method, is possible with limited
accuracy. In order to ensure the highest possible accuracy, the
impulse response of the channel could be measured using a probe
signal with a gradually increased bandwidth to the value achiev-
able in the measurement system. It could be checked online if
the coherence estimate changes significantly when the probe sig-
nal bandwidth increases. No significant differences between the

http://mostwiedzy.pl
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successive B̂c estimates would then indicate that the highest possi-
ble accuracy has been achieved. Such an approach increases the
time and the number of calculations needed to determine the
coherence bandwidth in proportion to the number of measure-
ments performed. However, this does not increase the computa-
tional complexity of the Bcparameter determination procedure,
which depends on the computational complexity of the algorithms
of matched filtering and calculation of transfer function and its
autocorrelation function. Additionally, during the coherence band-
width estimation, it should be checked, if the ratio of the Bc esti-
mate and the probe signal bandwidth Bs is such that the value of
PSD autocorrelation function Rs 0:5Bcð Þ is close to 1.
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[4] Dobrucki A, Brachmański S. Test signals used in electroacoustics and speech
technology. In: 2017 Signal Processing: Algorithms, Architectures,
Arrangements, and Applications. IEEE; 2017. p. 15.

[5] Grelowska G., Kozaczka E., Witos-Okrasińska D., Vertical temperature
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