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Experimental Study on Performance Improvement of
Underwater Acoustic Communication Using a

Single Vector Sensor
Kang-Hoon Choi , Jee Woong Choi , Sunhyo Kim , Peter H. Dahl , David R. Dall’Osto, and Hee Chun Song

Abstract—Underwater acoustic communication is heavily influ-
enced by intersymbol interference caused by the delay spread of
multipaths. In this article, communication sequences transmitted
from a drifting source were received by a fixed acoustic vector
receiver system consisting of an accelerometer-based vector sensor
and a pressure sensor, which can measure the three-directional
components of vector quantity and pressure at a point. The under-
water acoustic communication experiment was conducted in water
approximately 30 m deep off the south coast of Geoje Island, South
Korea, in May 2017 during the Korea Reverberation Experiment.
Acceleration signals received by the vector sensor were converted to
pressure-equivalent particle velocities, which were then used as in-
put for a four-channel communication system together with acous-
tic pressure. These four channels have multipaths with different
amplitudes but the same delay times, providing directional diver-
sity that differs from the spatial diversity provided by hydrophone
arrays. To improve the communication performance obtained from
directional diversity, the Multichannel Combined Bidirectional
Block-based Time Reversal Technique was used, which combines
bidirectional equalization with time-reversal diversity and block-
based time reversal that was robust against time-varying channels.
Communication performance was compared with the outcomes
produced by several other time reversal techniques. The results
show that the Multichannel Combined Bidirectional Block-based
Time Reversal Technique using a vector sensor achieved superior
performance under the environmental conditions considered in this
article.

Index Terms—Bidirectional block-based time reversal (BiBTR),
directional diversity, particle velocity channel, single vector sensor.

Manuscript received 27 October 2022; revised 23 July 2023 and 13 December
2023; accepted 18 February 2024. This work was supported by the Agency for
Defense Development, South Korea, under Grant UD200010DD. The work of
Peter H. Dahl, David R. Dall’Osto, and Hee Chun Song was supported by The
U.S. Office of Naval Research. (Corresponding author: Jee Woong Choi.)

Associate Editor: C. C. Tsimenidis.
Kang-Hoon Choi is with LIG Nex1, Seongnam 13488, South Korea

(e-mail: kanghoon.choi@lignex1.com).
Jee Woong Choi is with the Department of Marine Science and Convergence

Engineering / Department of Military Information Engineering, Hanyang Uni-
versity ERICA, Ansan 15588, South Korea (e-mail: choijw@hanyang.ac.kr).

Sunhyo Kim is with the Maritime Security Research Center, Korea Institute of
Ocean Science and Technology, Busan 49111, South Korea (e-mail: sunhyo@
kiost.ac.kr).

Peter H. Dahl and David R. Dall’Osto are with the Applied Physics
Laboratory, University of Washington, Seattle, WA 98105 USA (e-mail:
dahl@apl.washington.edu; dallosto@apl.washington.edu).

Hee Chun Song is with the Scripps Institution of Oceanography, La Jolla, CA
92093-0238 USA (e-mail: hcsong@ucsd.edu).

Digital Object Identifier 10.1109/JOE.2024.3374424

I. INTRODUCTION

IN SHALLOW water, acoustic communication channels are
subject to large multipath spread due to multiple interactions

with ocean boundaries, causing intersymbol interference (ISI).
The multipath channels have time-varying characteristics due to
temporal variations of ocean environments. Especially, when a
communication platform is moving, the communication channel
has a low coherence time and undergoes a frequency shift due to
the Doppler effect [1], [2]. The time-varying multipath channel
produces time-varying ISI and phase distortion, which results
in significant degradation of coherent acoustic communication
performance. To overcome these problems, various commu-
nication techniques, such as multichannel decision-feedback
equalizer (DFE) [3], [4], [5] and multichannel time reversal (TR)
combining with DFE [1], [6], [7], [8], [9] have been studied for
decades, because these techniques normally take advantage of
gains in spatial diversity, a spatially separated receiver array is
needed. However, accommodating a receiver array in a compact
underwater communication platform can be difficult.

An acoustic vector sensor can simultaneously measure acous-
tic pressure and the orthogonal components of acoustic vector
quantities, such as acoustic acceleration or particle velocity, at a
single position in space [10], suggesting an alternative to receiver
arrays for compact communication platforms. Several studies
have verified the effectiveness of underwater communication
system that use a vector sensor through simulations and experi-
ments [11], [12], [13], [14]. For the receiver arrays, the acoustic
pressure signals received by each channel exhibit multipath char-
acteristics with different delay times and amplitudes, resulting
in spatial diversity gain. Vector signals, such as acoustic particle
velocity signals and acceleration signals, received from a single
vector sensor also exhibit multipath characteristics with different
amplitudes, but each multipath has the same delay time. There-
fore, when a single vector sensor is used, the communication
performance can be improved through the channel gain provided
by the directionalities of each channel (i.e., directional diversity
gain) rather than spatial diversity because a single vector sensor
measures four different components at a single location.

Although a single vector sensor is spatially efficient, perfor-
mance improvement can be relatively low compared with the
receiver array due to the same delay time of the multipaths. In
this article, a bidirectional block-based time reversal (BiBTR)
[15] technique is applied and demonstrated using a single vector
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sensor while the source is drifting, in an effort to improve the
communication performance exploiting the directional diver-
sity provided by a single vector sensor. The BiBTR technique
combines bidirectional decision-feedback equalization (BiDFE)
[16], [17], [18], [19] and block-based time reversal (BTR) tech-
nique [2], [20], [21], [22], [23]. The TR technique improves
communication performance by mitigating ISI and increasing
the signal-to-noise ratio (SNR) through temporal and spatial
focusing. In addition, the BTR technique updates the commu-
nication channel block-by-block, using detected symbols from
the preceding block. This process operates under the assumption
that the channel remains nearly time-invariant within each block
[2], [20], [21], [22], [23]. BiDFE utilizes time-reversal diversity
that combines the soft outputs produced by forward and back-
ward DFEs [19]. The communication performance produced
by combining the directional diversity of the particle velocity
channels and the time-reversal diversity of BiBTR technique
was verified with data collected from a vector sensor during the
Korea Reverberation Experiment (KOREX-17).

II. EXPERIMENTAL DESCRIPTION

Underwater acoustic communication experiments using a sin-
gle vector sensor were conducted in shallow waters off the south
coast of Geoje Island in South Korea on 25 May 2017, as part
of KOREX-17 [24], [25], [26]. An omni-directional transducer
(D/11, Neptune Sonar Limited, Kelk, United Kingdom) was
used as an acoustic source, which was deployed at a depth of
13 m from the R/V Mirae operated by the Agency for Defense
Development, South Korea, and drifted away from the receiver
at an average speed of approximately 0.6 kn while transmitting
communication signals. The transmitted signals were measured
by an acoustic vector receiver (M20, GeoSpectrum Technolo-
gies, Dartmouth, Canada) deployed by the Applied Physics
Laboratory, University of Washington. This receiver consisted of
an acoustic pressure sensor and an accelerometer-based vector
sensor having a frequency range of 1 Hz–3 kHz, which was
positioned 1 m above the bottom at a depth of 29 m, as shown in
Fig. 1(a). The accelerometer-based vector sensor has the capa-
bility to measure two horizontal components (x and y) and one
vertical component (z) of the acoustic acceleration signals. The
horizontal distance between the vector receiver and the acoustic
source, measured by a global positioning system (GPS850, As-
cenKorea, South Korea), increased from 143 to 670 m with time
along the trajectory shown in Fig. 1(b). The sound speed profile,
as measured using conductivity-temperature-depth (CTD) casts
(AML, Oceanographic, Canada), was nearly constant with depth
over the duration of the experiment, as indicated in Fig. 1(c).

Surficial sediment samples were taken from the bottom using
a grab sampler near the vector receiver. The mean grain size of
the sediment samples was 5.7φ (where φ = −log2(d/d0), d is
the grain diameter in millimeters, and d0 is a reference length of
1 mm), which corresponds to silt. The surficial sediment sound
speed at the experimental site was expected to be approximately
1568 m/s, based on the empirical relationship between the
mean grain size and sediment sound speed [27]. During the
experiment, sea-surface waves were measured by a directional

waverider (DWR-G4, Datawell, Netherlands) moored at the
experimental site, and the root-mean-square (rms) wave height
was approximately 0.08 m, indicating calm seas.

The communication packet consisted of a probe signal fol-
lowed by a communication sequence. The probe signal was a
100 ms-long linear frequency modulated (LFM) pulse in a fre-
quency band of 2.5–3.5 kHz, which was used to synchronize the
communication sequence. The communication sequence was a
quadrature phase shift keying (QPSK)-modulated signal lasting
8 s, with a carrier frequency of 3 kHz and a symbol rate of 500
symbols per second and consisting of 4000 symbols containing
a sequence of training symbols prior to information symbols.
The training symbol with a length (NT ) of 400 symbols (0.8 s)
was used for Doppler shift estimation, channel estimation, and
equalization. A root-raised cosine pulse with a roll-off factor
of 1 was employed as a pulse-shaping filter to mitigate the
effects of time sampling errors induced by Doppler shift in
our experiment environment where the source is in motion.
The baseband sampling rate for the demodulation process into
symbols was set equal to the symbol rate.

III. BIBTR COMMUNICATION USING A SINGLE

VECTOR SENSOR

Because an acoustic vector sensor can simultaneously mea-
sure the orthogonal components of vector quantity and acoustic
pressure with different SNR ratios and channel characteristics,
it can be used as a receiver in a single input multiple output
system for underwater communication. In this article, the com-
munication sequences were received by an accelerometer-based
vector sensor capturing the x, y, and z components of the acoustic
acceleration. The received acoustic acceleration signals of each
component were then converted to pressure-equivalent particle
velocities pi(t) using the following equation [11], [28]:

pi (t) = −ρ0c

∫ t

0

ai (τ) dτ (1)

where ai(τ) is the acoustic acceleration signals of the x, y, and
z components. ρ0 and c are the water density and the speed of
sound in water, respectively.

As mentioned in Section I, the three components of particle
velocity have multipath characteristics that differ only in ampli-
tude because the propagation angle of a multipath is different
in each component, but the delay time is the same. Therefore,
unlike a spatially separated receiver array having the spatial
diversity gain of different amplitudes and delay times, when
a single vector sensor is used, only the directional diversity can
produce the channel gain.

To improve the performance of underwater acoustic com-
munication using a single vector sensor in ocean environment
that dynamically changes in both space and time, we used
BiBTR technique, which combines BTR technique and BiDFE.
In BiDFE, combination of the soft outputs of forward and
backward DFEs creates time-reversal diversity [17] to reduce
error propagation caused by incorrect decision of feedback in
DFE. Several studies of BiDFE combined with TR using receiver
arrays have been conducted [15], [29]. Song [15] demonstrated
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Fig. 1. (a) Experimental layout of the underwater acoustic communication using a vector receiver system, (b) trajectory of the acoustic source drifting away from
the receiver position, and (c) sound speed profiles in the water column measured by CTD casts.

that BiDFE combined with TR techniques, such as passive time
reversal (PTR) and BTR techniques, improved the communi-
cation performance by 0.4 to 1.8 dB in output SNR depending
on the time-varying characteristics of communication channels,
compared with TR techniques alone, despite the necessity to
double the number of training symbols. In addition, it was more
beneficial when applied to time-varying channels.

Fig. 2 depicts a block diagram of BiBTR technique using
the acoustic pressure and pressure-equivalent particle velocity
signals, pi[n] as inputs. The subscript i represents 1 to 4, mean-
ing the pressure, x, y, and z components of particle velocity,
in that order. BiBTR comprises forward BTR and backward
BTR, and each BTR involves multichannel TR combining and
a single-channel DFE consisting of a feedforward filter and a
feedback filter. The TR combining improves symbol detection
performance in the DFE by preemptively reducing ISI. The
output d̃ of BiBTR is obtained as a weighted linear summation of
the soft outputs d̃f in the forward BTR and the reversed version
of the soft outputs d̃b in the backward BTR, as follows [17]:

d̃ [n] = βd̃f [n] + (1− β) d̃b [n] , n = 1, . . . , N, (2)

where β is the weighting factor (0 ≤ β ≤ 1) and N is the
total symbol number. Song [15] used β = 0.5 as an optimal
value for TR communications. In this study, we exhaustively
investigated the communication performance of BiBTR using β
values between 0 and 1, and the performance was also optimal
at β values near 0.5.

PTR technique compresses a communication signal in the
time domain using a channel estimated by the probe signal or
training symbols transmitted prior to an information-bearing
communication signal, assuming that the channel is time invari-
ant. However, because an underwater acoustic communication
channel varies with time, performance deteriorates if the dura-
tion of the communication signal is relatively long compared
with the temporal variation of the ocean environment. BTR
technique compensates for time-varying channels by dividing
them into blocks within the communication sequence using a
time window within which the channels can be assumed to be
time-invariant and then updating the channels block by block [2],
[20], [21], [22], [23]. Fig. 3 depicts the receiver structure of BTR
communication using a single vector sensor, which consists of
noise normalization, block-by- BTR, multichannel combining,

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 



4 IEEE JOURNAL OF OCEANIC ENGINEERING

Fig. 2. Block diagram for BiBTR technique using a single vector sensor, which combines the soft outputs of the forward BTR and backward BTR. The four
channels used for input are acoustic pressure and the pressure-equivalent x, y, and z particle velocity signals.

Fig. 3. Block diagram for the receiver structure of BTR technique using a vector sensor. TR for each channel is performed block by block, and the results are
combined. The process for phase tracking and correction is performed between a TR combining process and single-channel DFE.

single phase tracking and correction, single-channel DFE, and
a channel update.

Due to the difference in noise power between acoustic pres-
sure and pressure-equivalent particle velocities measured at the
same point [30], Song et al. [11] conducted noise normalization
before the demodulation process in BTR communication. This
methodology enhances the output SNR by adjusting the signal
powers of particle velocities in relation to the reciprocal of
the nonuniformly distributed noise powers among pressure and
particle velocities. In this study, the noise powers in the acoustic
pressure and particle velocity signals σi

2 were estimated from
the noise signals before the communication signals were re-
ceived. Noise-normalized signals ri[n] were used as inputs for
multichannel TR combining on a block-by-block basis.

The baseband channels of each block for TR were estimated
by a matching pursuit (MP) algorithm. MP is an algorithm that

selectively estimates significant taps by using an optimal fit
between source symbols and received symbols and is usually ap-
plied to estimate communication channels with a sparse nature,
such as underwater acoustic channels [23], [31]. In this article,
the total length of the multipath and the number of significant
taps within the multipath were calculated using the channel
impulse responses estimated from the matched filtering output
of the LFM signal. Specifically, the significant tap number was
determined by considering only impulses within −10 dB of the
impulse from the peak energy among the multipath. The tap
number was utilized to estimate the baseband channel for MP
algorithm. Subsequently, taps that exhibited insignificance were
assigned a value of zero.

In the next step, to apply the TR process to each block, the
channels ĥ(1)

i [l] of pressure and particle velocities, estimated by
the training symbol corresponding to the first block (m = 1),
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were first reversed in time and subsequently convolved with
the symbols within the second block (m = 2) r(2)i [n]. The TR-
processed symbols within the second block were subsequently
multichannel combined using the following equation:

y(2) [n] =

4∑
i=1

(
r
(2)
i [n]�

(
ĥ
(1)
i [−l]

)∗)

= s(2) [n]�
4∑

i=1

(
h
(2)
i [n, l]�

(
ĥ
(1)
i [−l]

)∗)

+

4∑
i=1

(
z(2) [n]�

(
ĥ
(1)
i [−l]

)∗)

= s(2) [n]� q(2) [n, l] + w(2) [n] (3)

whereh(2)
i [n, l] is the actual time-varying channel for the second

block, l is the symbol index in time, s(2)[n] and z(2)[n] are
the source symbol and noise component,t respectively, for the
second block, and q(2)[n, l] and w(2)[n] are the multichannel-
combined q-function and noise component respectively for the
second block. The superscript ∗ and the symbol � denote
the conjugate and convolution operator, respectively. The q-
function, the sum of the correlations between the actual and
estimated channels, is representative of the effective impulse
response after TR and is nearly symmetrical with respect to the
main lobe [15].

After TR combining of the second block (m = 2), single-
phase tracking and correction processes were performed prior
to DFE to allow the DFE to focus primarily on removing residual
ISI. The symbols estimated by the DFE output for the second
block were used to update the channel estimates, which were
applied to the symbols within the third block (m = 3) for TR.
These processes were iterated sequentially within the commu-
nication sequence.

Phase tracking was conducted using a decision-feedback
(decision-directed) phase-locked loop (DFPLL) based on the
maximum-likelihood (ML) estimate [32] prior to the DFE, as
illustrated in Fig. 3. The ML algorithm estimates signal pa-
rameters, such as carrier phase, by maximizing the likelihood
function. In this article, the carrier phase was estimated by taking
the inverse tangent of the ratio of two correlation outputs. These
outputs were derived from cross-correlating the source symbols
(or estimated symbols) with the received symbols and averaging
the results over 20 symbols. The phase tracking was carried
out using known training symbols and then using the estimated
symbols in the decision-directed mode.

As the acoustic source drifts, communication signals ex-
hibit continuously changing multipath delay characteristics due
to spatial and temporal variations in the ocean environment.
Consequently, the filter length in the DFE must be tailored
to the channel’s characteristics. In this article, the length of
the feedforward filter was determined based on the delay time
corresponding to approximately 97% of the accumulated energy
of the multipath [33]. The length of the feedback filter was set
to half the feedforward filter length. Adaptive updating of the

Fig. 4. (a) Input SNR as a function of range for the P, X, Y, and Z channels.
(b), (c) Signal power and noise power of the particle velocity channel in baseband
signal, respectively, normalized by that of the pressure channel corresponding
to each range.

filter tap weights in the DFE was accomplished using a recursive
least-squares algorithm with a forgetting factor of 0.99 [32].

IV. COMMUNICATION RESULTS

A. Channel Characteristics of Acoustic Pressure and Particle
Velocities

Fig. 4(a) depicts the input SNRs for the channels corre-
sponding to the pressure and x, y, and z components of the
pressure-equivalent particle velocity (hereafter referred to as
the P, X, Y, and Z channels), which were estimated using the
power ratio between the communication channel and the back-
ground noise in the baseband for each channel. As the acoustic
source drifted away from the vector receiver, the input SNR
decreased gradually, with the source–receiver range between
approximately 1 and 12 dB per channel. There were exceptions
at approximately 600 m from the receiver, shown in the red
dashed box, in which the SNR decreased dramatically due to
ship noise from an unknown vessel passing above the receiver.
Signals corresponding to this area were therefore excluded from
the communication performance analysis.
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Fig. 5. (a) Eigenray tracing output and (b) channel impulse response for the first six arrivals predicted at a source–receiver range of 143 m. (c), (d) Channel
impulse responses of the P, X, Y, and Z channels before and after noise normalization, respectively, which were estimated by matched filtering of LFM signal.

Fig. 4(b) shows the relative signal power of the X, Y, and Z
channels compared with the signal power of the P channel as a
function of the source–receiver range for the signals before noise
normalization in BTR. The relative signal power of each channel
was assessed by utilizing the impulse with the highest energy
among the multipath in the baseband, and it was normalized by
that of the pressure channel at each range. As the range increased,
the relative signal power of the X channel decreased while that of
the Y channel increased, which is consistent with the change in

direction according to the trajectory of the acoustic source shown
in Fig. 1(b). The signal powers in the Z channel were smaller
than those of the P channel by more than 10 dB. The signal
powers of the X and Y channels intersected at approximately
380 m, at which point it can be expected that the source was
positioned at 45° from the azimuth with respect to the vector
receiver.

Fig. 4(c) shows the relative noise powers of the X, Y, and Z
channels compared with the noise power of the P channel as
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Fig. 6. (a) RMS delay spreads and (b) Doppler shifts of the P, X, Y, and Z
channels estimated for all source–receiver ranges.

a function of range for the noise before noise normalization in
BTR. The relative noise power of each channel was estimated
from the noise signal preceding the communication signal in the
baseband, and it was normalized by that of the pressure channel
at each range. The noise powers of the X and Y channels were
similar to or a marginally lower than those of the P channel, but
the noise powers in the Z channel were an average of 13 dB lower
than those of the P channel. As there was a significant difference
in the noise power of each channel, noise normalization was
performed using the noise power of each channel to use for
multichannel TR combining.

Fig. 5(a) and (b) depicts the eigenray tracing output and
channel impulse response corresponding to the first six arrivals
predicted by Bellhop [34], a ray-based propagation model for the
P channel at a source–receiver range of 143 m. The main arrival
structure consisted of direct (D), bottom (B), sea surface (S), and
surface–bottom (SB) paths in this order. For this geometry, the
bottom grazing angles of the B and SB paths were predicted by
the Bellhop propagation model to be 6.4° and 17.0°, respectively,
and the corresponding bottom losses were predicted to be 0.6
and 3.4 dB, respectively, according to the Rayleigh bottom loss
model [35], for a homogeneous fluid half-space, using sound
speed, density, and attenuation in sediment obtained through the
empirical relationship with mean grain size [27]. In contrast, the
bottom grazing angle of the BS path was predicted to be 27.1°,
and the corresponding bottom loss was predicted to be 9.4 dB,
which was significantly higher than those of the early arrivals.
The first arrival group consisted of the D and B paths, and the
second arrival group consisted of the S and SB paths. However,
the two paths in each group were not time-resolved because the
receiver was just 1 m above the bottom. As mentioned earlier,

the channel impulse responses corresponding to the P, X, Y, and
Z channels had the same delay times, but different amplitudes
(because each path was received with a different angle of arrival).

Fig. 5(c) and (d) shows the channel impulse responses of the
P, X, Y, and Z channels as estimated before and after noise
normalization for the signals, respectively. During the noise
normalization process, the adjustment of signal powers based
on the disparity in noise power between particle velocities and
acoustic pressure induced noticeable alterations in the channel
impulse responses of particle velocities. In particular, given the
significantly lower noise power in the Z channel compared with
the P channel, noise normalization resulted in an increase in
the signal power of the Z channel by the difference in noise
power between the two channels. After noise normalization, the
relative intensity of the first group of the X channel increased
by that of the P channel, while in the second group, the relative
intensity of the Z channel surpassed those of the other channels.
In addition, in shallow water, the later arrivals, the stronger the
vertical component. Accordingly, in the case of the Z channel,
ISI energy received after the second arrival group tended to
increase, resulting in a greater delay spread compared with the
other channels, as shown in Fig. 6(a).

The rms delay spreadστ is a parameter indicating the extent of
time spread due to the difference in arrival times of multipaths, a
major communication performance factor that can estimate the
degree of ISI, and can be defined as [36]

στ =

√√√√∑l |h [l]|2τl2∑
l |h [l]|2

−
(∑

l |h [l]|2τl∑
l |h [l]|2

)2

(4)

where h[l] and τl are the baseband channel impulse response
and its delay time at the lth symbol index, respectively. Fig. 6(a)
shows rms delay spreads of the P, X, Y, and Z channels for all
source–receiver ranges. The rms delay spreads for all channels
tend to decrease gradually as the range increases. Overall, the
X and Y channels showed rms delay spreads similar to those
of the P channel, but the Z channel showed more than twice
as long rms delay spreads in all ranges. From this result, it was
expected that the Z channel would be significantly more affected
by ISI compared with other channels. The Doppler shift is caused
primarily by relative movement between the source and receiver.
The mean Doppler shift fD during one communication sequence
can be estimated from the Doppler power spectrum [37]

fD =

∑
k PD [k] fk∑
k PD [k]

(5)

where PD[k] and fk are the Doppler power spectrum and
frequency shift corresponding to the kth frequency shift index,
respectively. The Doppler power spectrum can be obtained by
integrating the scattering function over the time delay [38].
Fig. 6(b) depicts the Doppler shifts estimated as a function of
range. The Doppler shift varied within the range of −0.8 Hz to
0 Hz as the source–receiver range increased. The Doppler shift
caused by the movement of the source and receiver also varied
by almost same value in all channels, which is consistent with a
previous report [39].
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Fig. 7. (a) Block diagram of the resampling process for the passband signal and (b) example of phase tracking using training symbols for the initial Doppler shift
estimate.

Fig. 8. (a) Baseband channel impulse response, (b) scattering function of the P channel, and (c) phase variations for the P, X, Y, and Z channels with observation
time before resampling. The source–receiver range was approximately 308 m and, in this case, the Doppler shift was estimated to be −0.71 Hz. (d)–(f) Results
estimated after resampling.
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Fig. 9. Comparison of communication performance obtained by PTR using
the P channel with a Doppler shift of −0.71 Hz at source–receiver range of
∼308 m (a) without and (b) with resampling.

TABLE I
AVERAGE CORRELATION COEFFICIENT VALUES OF CHANNEL IMPULSE

RESPONSE AND NOISE BETWEEN ACOUSTIC PRESSURE AND PARTICLE

VELOCITIES ACROSS ALL SOURCE–RECEIVER RANGES

Correlations between pressure and the three particle velocity
channels were investigated across all source–receiver ranges.
Table I presents the average correlation coefficient values be-
tween each channel. In terms of the channel impulse response,
the average correlations of the P channel with the X and Y chan-
nels consistently exceeded 0.90 at all ranges, while the average
correlation with the Z channel was estimated to be around 0.7.
Regarding the noise component, the average correlations of the
P channel with the X, Y, and Z channels were 0.55, 0.39, and
0.30, respectively.

B. Communication Performance

When the acoustic source and/or receiver moves while trans-
mitting and receiving a communication signal, the carrier fre-
quency of the communication signal shifts, resulting in a change
in the symbol interval and thus deterioration of communication
performance [2]. A resampling process is therefore required to
compensate for the Doppler shift. In this article, the Doppler
shifts of the carrier frequency were corrected for the passband
signal through resampling, which prevented distortion of the
symbol detection interval due to the Doppler shift in the base-
band signal.

A block diagram of the resampling process in passband signal
is shown in Fig. 7(a). First, the communication signal at the P
channel was multiplied by e−j2pifct and then low-pass filtered to
demodulate it into a complex baseband symbol. The initial phase
tracking is then conducted using training symbols. After esti-
mating a linear regression line for the phase tracking output, the
initial value of the Doppler shift f̃d was calculated from the slope

a of the regression line as f̃d = a/2π , as shown in Fig. 7(b).
Next, the modified sampling rate f̃s was obtained by γfs, where
fs is the original sampling rate and γ is the resampling ratio
given by (fc + f̃d)/fc, where fc is the carrier frequency. The
passband signals of the P, X, Y, and Z channels were then
resampled using a modified sampling rate to compensate for
the Doppler shift. When the Doppler shift varies with time, a
residual Doppler shift occurs even after the resampling process
due to a difference between the initial Doppler shift f̃d and the
time-varying Doppler shift. DFPLL was used to compensate for
the residual Doppler shift and the resulting phase.

Fig. 8 illustrates the difference before and after the resampling
process for the communication signals received at a source–
receiver range of approximately 308 m. Without resampling, as
the source moved away from the receiver, channel arrivals in the
baseband channel impulse response moved to the next symbol
in 3–5 s of observation time, as shown in Fig. 8(a). A Doppler
shift of approximately −0.71 Hz can be seen in the scattering
function illustrated in Fig. 8(b), and the phase varied with the
observation time, as shown in Fig. 8(c). After resampling, the
channel delays, Doppler shift, and phase variation were all
significantly corrected as shown in Fig. 8(d)–(f), respectively.

To confirm the improvement in communication performance
through resampling alone in the communication channel in
which the Doppler shift occurs, PTR was performed for the P
channel, with a Doppler shift of −0.71 Hz at a source–receiver
range of approximately 308 m. The communication performance
was analyzed as bit error rate (BER) and output SNR (SNRo).
The output SNR was calculated from the reciprocal of the mean-
square error between the source symbol (d[n]) and estimated
symbol (d̃[n]) as follows [9]:

SNRo = 10log10

(
|d [n]|2/E

[∣∣∣d [n]− d̃ [n]
∣∣∣2]) (6)

where E[ ] and | | denote expectation and absolute values,
respectively.

Fig. 9(a) and (b) shows the communication performances
obtained by PTR without and with resampling process, re-
spectively. The resampling process compensated for the carrier
frequency shift and the channel delay variation, greatly im-
proving communication performance. However, even after the
resampling process, the communication performance showed
the result of a BER of 3.8% and an output SNR of 5.8 dB due
to the influence of the residual time-varying channel caused by
spatio-temporal variations in the ocean environment.

Now, we employ BTR for the demodulation of the communi-
cation signals. In this article, the time window for the block in
BTR was set to 400 ms (equivalent to 200 symbols), taking
into account the minimum value of the coherence times of
particle velocity channels across all ranges. Fig. 10(a) illustrates
the communication performance achieved by a single-channel
BTR for the P channel with resampling. The results indicate a
significant improvement (approximately 2 dB) compared with
the outcomes of a single-channel PTR with resampling depicted
in Fig. 9(b), achieving a BER of 1.6% and an output SNR of
7.7 dB. Second, we applied multichannel combined BTR using
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Fig. 10. Comparison of communication performances obtained by (a) BTR using the P channel, (b) multichannel combined BTR for the P, X, Y, and Z channels,
and (c) multichannel combined BiBTR for the P, X, Y, and Z channels. The resampling process was included in the BTR and BiBTR techniques. The communication
signal received at a source–receiver range of approximately 308 m was used, with an estimated Doppler shift of −0.71 Hz.

the P, X, Y, and Z channels. The result was error-free, with a
3.2 dB increase in output SNR compared with single-channel
BTR, as indicated by Fig. 10(b). Last, multichannel combined
BiBTR was performed. Although BiBTR lost 400 information
symbols (800 bits for QPSK) because it requires doubling the
training symbols, the performance further improved, with a
2.5 dB increase in output SNR compared with multichannel
combined BTR, as shown in Fig. 10(c).

We investigate the communication performances for all
source–receiver ranges. Fig. 11(a) shows the difference in
Doppler shift as a function of range estimated using the P channel
before and after resampling. The Doppler shifts were compen-
sated for by the resampling process. However, residual Doppler
shifts were still evident at± 0.2 Hz due to the difference between
the Doppler shifts estimated from the training symbols and those
in the information symbols. Fig. 11(b) plots the output SNR as
a function of range for different TR techniques. The cases of
the short ranges with relatively large Doppler shifts confirmed
the importance of resampling. In addition, the multichannel
combined BiBTR achieved the best performance in all ranges.

Fig. 12(a) and (b) are distribution histograms of perfor-
mance improvement by directional diversity and time-reversal
diversity, respectively. The improvement in performance due
to directional diversity was estimated from the difference in
output SNRs between the multichannel combined BTR and the
single-channel BTR using the P channel. For the source–receiver
geometries used in this study, the directional diversity by the
vector receiver system improved the output SNR by an average
of 2.3 dB and up to 5.2 dB, as shown in Fig. 12(a). Next,
the performance improvement due to time-reversal diversity
was investigated by examining the difference in output SNRs
between multichannel combined BiBTR and multichannel com-
bined BTR; the time-reversal diversity improved the output SNR
by 0.4 to 3.5 dB (an average of 2.0 dB) in all geometry cases, as
depicted in Fig. 12(b).

Fig. 11. Comparisons of (a) Doppler shifts for the P channel estimated before
and after resampling and (b) communication performances in terms of the output
SNR obtained by PTR using the P channel without resampling (•), BTR using the
P channel (�), multichannel combined BTR (�), and multichannel combined
BiBTR (�).

V. DISCUSSION AND SUMMARY

The effectiveness of underwater communication in shallow
water using a single vector sensor was investigated. A vector
sensor can simultaneously measure three-directional compo-
nents of acoustic vector quantities from a single position in
space. The vector sensor may therefore be a useful alternative to
hydrophone arrays, which are bulky and less space-efficient. The
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Fig. 12. Distribution histograms of output SNR increments improved by (a) directional diversity and (b) time-reversal diversity.

single vector receiver system used in the experiment consisted
of an accelerometer-based vector sensor and an acoustic pres-
sure sensor. The three-directional components of the acoustic
acceleration signals were converted to three components of
pressure-equivalent particle velocities, which were used as in-
puts for four-channel combined TR techniques for demodulation
of communication signals with an acoustic pressure signal.

A hydrophone array receives acoustic pressure signals from
hydrophones at spatially distinct locations. Therefore, the sig-
nal received on each channel exhibits multipath characteristics
with different delay times and amplitudes, resulting in spatial
diversity gain. Since the P, X, Y, and Z channels measured by a
single vector receiver system have different amplitudes but the
same delay time, this diversity can be referred to as “directional
diversity.” The directional diversity is generated by a difference
in the directionality of the received signal, which differs from the
spatial diversity of a hydrophone array and may have a weaker
gain than the spatial diversity gain. We applied BiBTR technique
to the demodulation of communication signals received by our
vector receiver system. Because BiBTR technique uses combi-
nations of soft outputs of forward and backward DFEs, it can
benefit from time-reversal diversity despite requiring a doubling
of training symbols at the front and back of the communication
sequence.

The underwater communication experiment was conducted
in shallow waters off the south coast of Geoje Island, South
Korea in May 2017, as part of KOREX-17. The acoustic source
transmitted communication packet signals consisting of LFM
probe signal and QPSK communication sequence while drifting
away from the receiver system over a distance of 143–670 m. The
vector receiver system, consisting of an accelerometer-based
vector sensor and a hydrophone, was located 1 m above a silty
bottom at a depth of 29 m. Acoustic bottom interactions at this
fine-grained sediment limited the number of dominant paths
for the geometry considered in our experiment to the paths
corresponding to one or two bottom interactions.

Doppler shifts in the communication signal received by the
vector receiver system were due to the acoustic source drifting
away from the receiver while transmitting the communication
signals. The Doppler shift of the carrier frequency was corrected
for the passband signal through resampling to prevent distortion

of the symbol detection interval due to the Doppler shift in
the baseband signal. Fig. 13(a) and (b), respectively, shows
the communication performances of the PTR using only the
P channel without and with resampling for all source–receiver
ranges. The results confirmed that the communication perfor-
mance improved significantly only through resampling.

The PTR technique requires the assumption that the chan-
nel is invariant for the duration of the communication packet.
However, because the ocean environment is not frozen in time,
the underwater communication channel also fluctuates rapidly
with time, which can lead to deterioration in communication
performance. BTR technique improves the performance of a
time-varying channel by dividing communication sequences
into blocks and updating the channels block by block. Fig. 13(c)
shows the communication performance of BTR using the P chan-
nel. We confirmed that the performance was markedly superior
to those shown in Fig. 13(a) and (b). Last, BiBTR technique
was applied to obtain the gain by time-reversal diversity, and
the results of the P, X, Y, and Z channels were combined to
obtain the gain by directional diversity for all source–receiver
ranges, as shown in Fig. 13(d). Four-channel combined BiBTR
achieved the best performance, with a BER of 0.08% and an
output SNR of 13.7 dB, demonstrating the efficiency of BiBTR
using a vector sensor.

There existed a substantial disparity between the input and
output SNRs. This discrepancy is likely attributed to the un-
addressed movement of the acoustic source during drifting,
resulting in a residual Doppler shift and a time-varying channel.
Despite efforts to mitigate these effects through techniques,
such as resampling and BiBTR, complete elimination was not
achieved. Note that resampling was based on the mean Doppler
shift of all the acoustic paths, even though individual paths
may exhibit slightly different Doppler shifts. There was also
an issue concerning channel synchronization using the matched
filter of the LFM signal, which was transmitted 1 s prior to
the communication signal. This interval could induce a time
sampling error due to the variability of synchronization time
caused by Doppler effects.

The directivity index (DI) for a single vector sensor can be
theoretically derived as approximately 6 dB [= 10log10(4)]
when optimal weighting is applied to each component for a
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Fig. 13. Constellation plots of communication performances estimated for all source–receiver ranges using (a) a single-channel PTR without resampling, (b)
single-channel PTR with resampling, (c) single-channel BTR with resampling, and (d) multichannel combined BiBTR with resampling.

single plane wave propagating in a homogeneous, isotropic noise
environment [40]. In this article, optimal weighting was not
utilized, but noise normalization was applied during the multi-
channel combining process to equalize the noise powers across
channels. Further research will explore the factors influencing
the enhancement in output SNR through the directional diversity
of a single vector sensor in terms of DI.

Finally, although the usefulness of the vector sensor in un-
derwater acoustic communication was verified, interpretation
of the results of our experiment should take into account that the
experiment was conducted only at source–receiver ranges of less
than approximately 700 m in shallow water with silty sediment

at a depth of approximately 30 m. Each component of the
multipaths received by a vector sensor depends on geoacoustic
parameters as well as geometry, including water depth, range
between source and receiver, and their deployment depths. Since
the acoustic interactions with the ocean bottom have a significant
influence on multipath structure in shallow waters, and it affects
the vertical and horizontal components of the vector quantities,
and consequently the performance of underwater acoustic com-
munication using the vector sensor. Further studies are needed to
verify the usefulness of vector sensors for underwater acoustic
communication in various ocean environments with different
types of sediment and water depths.
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