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Design of an UWA-OTFS Communication Receiver Based on Single-Element Two-Dimensional Virtual Passive Reversal

Yang Yang, Lu Ma, Boon-Chong Seet, Songzuo Liu, Siang Ma

• Proposed a novel receiver architecture for UWA-OTFS
communication using 2D-VPR technology in the delay-
Doppler domain to enhance reliability.

• Developed a BOMP-DPW channel estimator to facilitate
2D-VPR equalization, thereby enhancing main lobe en-
ergy concentration and achieving a reduction in raw BER
by an order of magnitude.

• Reliable communication was achieved in sea trials with a
data rate of 1.8 kbps, a towing distance of 0 − 5 km, and a
relative speed of 2 m/s.
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Abstract

Orthogonal Time Frequency Space (OTFS) modulation offers a novel solution to enhance the reliability of mobile underwater
acoustic (UWA) communication systems. In this study, a receiver architecture tailored for UWA-OTFS communication is presented,
leveraging single-element two-dimensional virtual passive reversal (2D-VPR) technology in the delay-Doppler (DD) domain. To
enhance the concentration of main lobe energy in the equivalent channel after 2D-VPR equalization, a block orthogonal matching
pursuit with dynamic power weighting (BOMP-DPW) channel estimator is proposed, resulting in an order-of-magnitude reduction
in the communication system’s raw bit error rate (BER). Furthermore, considering the impact of signal distortion and noise, the
2D-VPR processor driven by the BOMP-DPW estimator is coupled with a minimum mean square error (MMSE) equalizer to
further suppress sidelobe interference and noise. The proposed scheme was tested in the South China Sea, where data processing
results confirmed that the receiver achieved reliable communication within a frequency band of 2 − 4 kHz, a data rate of 1.8 kbps,
a maximum towing distance of 5 km, and a relative speed of 2 m/s between the transmitter and receiver.

Keywords: Underwater acoustic communication, OTFS, Virtual passive time reversal, Two dimensional, BOMP

1. Introduction

The orthogonal time-frequency space (OTFS) modulation
technique maps signals in the delay-Doppler (DD) domain [1],
effectively utilizing the sparse characteristics of the channel, ex-
hibiting excellent resistance to multipath and Doppler effects
[2], and providing a new solution for the stability of mobile
underwater acoustic (UWA) communication [3, 4]. However,
real UWA channels exhibit severe multipath effects, frequency-
selective fading, Doppler spreading, and limited channel band-
width [5–7]. Such features lead to significant spreading of
UWA channels in the DD domain, making it a key challenge
to harness the benefits of OTFS modulation and develop effi-
cient and robust receiver designs [8].

Currently, the design of UWA-OTFS communication re-
ceivers in most literature is limited to simulation validation
[9–13], while experimental validation remains relatively rare
[4, 14]. The proposed equalization methods include nonlinear
techniques such as Turbo iterative equalization [4, 15], mes-
sage passing (MP) receivers [16, 17], and deep learning-based
approaches [18, 19], as well as enhanced linear-complexity
minimum mean square error (MMSE) equalization methods
[11]. It is worth mentioning that UWA array signal processing
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can improve reception gain [20], while time-reversal mirror ar-
ray processing enables effective space-time-frequency focusing
[21]. A two-dimensional passive time-reversal decision feed-
back equalizer receiver operating in the DD domain has been
proposed in the literature [3]. However, as it relies on array
processing, it is overly burdensome and difficult to apply in
practical UWA communication systems that prioritize simple
nodes and low power consumption [22].

In comparison to array-based processing, a single-element
time reversal mirror significantly reduces device complexity,
thereby enhancing the feasibility of time reversal mirror tech-
nology for UWA communication [23, 24]. However, this sim-
plification also imposes higher demands on channel estimation
accuracy [3]. In response to the block sparsity characteristics of
UWA channels in the DD domain, the block orthogonal match-
ing pursuit (BOMP) channel estimator can estimate path blocks
and obtain sparse path block estimation results [25]. On the
other hand, the single-element time-reversal mirror can only
utilize multipath signals between two nodes and cannot achieve
spatial focusing gain, which increases sidelobe energy after re-
versal [21]. Thus, in UWA-OTFS communication, key chal-
lenges for single-element two-dimensional virtual passive re-
versal (2D-VPR) technology in the DD domain include improv-
ing channel estimation accuracy, enhancing the concentration
of main lobe energy, and suppressing sidelobe energy leakage.

This paper proposes a single-input single-output (SISO)
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UWA-OTFS communication system, which effectively en-
hances the main lobe energy concentration after the 2D-VPR
equalizer in the delay-Doppler (DD) domain. The main contri-
butions of this work are as follows:

• A novel UWA-OTFS receiver design is presented, utilizing
single-element two-dimensional time-reversal technology.
This design focuses the main path in the two-dimensional
delay and Doppler domains, effectively mitigating inter-
Doppler interference (IDI) caused by the spreading of
UWA wideband signals in the DD domain.

• A block orthogonal matching pursuit with a dynamic
power weighting (BOMP-DPW) channel estimator is de-
veloped for precise channel estimation, effectively sup-
pressing sidelobe energy on both sides of the main peak.
Meanwhile, the single-element design simplifies the com-
plexity of time-reversal mirror array processing equip-
ment.

• Sea towing experiments at different transmission depths
fully verified the reliability of the underwater OTFS com-
munication system receiver design proposed in this paper.
The 2D-VPR processor driven by the BOMP-DPW esti-
mator is coupled with a MMSE equalizer, enabling all
transmitted data to be successfully decoded through the
LDPC decoder.

The remainder of this paper is organized as follows: Sec-
tion 2 describes the UWA-OTFS system model, Section 3 de-
tails the receiver design based on 2D-VPR, and Section 4 and
Section 5 present the simulation results and sea trial experi-
ments, respectively. Finally, conclusions are drawn in Sec-
tion 6.

2. UWA-OTFS System model

Resampling
Down 

Converter

Up 

Converter
ISFFT IFFT ( )txg ttfXX s

UWA

Channel

( )rxg tFFTSFFT
Y

tfY r

OTFS Modulation

OTFS Demodulation

Fig. 1. System model for OTFS.

At the transmitter, NM information symbols are selected
from the modulation alphabet A = {a1, ..., aQ}. They are ar-
ranged in the DD domain matrix X ∈ CM×N . Subsequently,
the time-frequency domain sample matrix is obtained via the
inverse symplectic finite Fourier transform (ISFFT). It can be
expressed as

Xt f = FM · X · F†N (1)

where FM ,F†N represent the M-point fast Fourier transform
(FFT) and N-point inverse fast Fourier transform (IFFT) ma-
trix, respectively.

The matrix Xt f ∈ CM×N in the time-frequency domain is
transformed into the delay-time domain sample matrix X̃ ∈

CM×N via an M-point IFFT,

X̃ = F†M · Xt f (2)

After applying transmit pulse shaping to the delay-time domain
sample matrix X̃, it is vectorized to obtain a time-domain sam-
ple vector of length MN,

s = vec(Gtx · X̃) ∈ CMN×1 (3)

For a rectangular window, the pulse shaping function is defined
as Gtx = IM . The time-domain sample vector is converted from
digital to analog, resulting in s(t), which is then upconverted
to a passband time-domain signal and transmitted through the
UWA channel.

At the receiver, the passband sampled signal is obtained,
and the Doppler factor is estimated using the synchronization
header, followed by preliminary Doppler compensation via re-
sampling. Subsequently, the signal is downconverted to yield
the NM-point baseband received signal r ∈ CMN×1, which is
converted into the delay-time matrix Ỹ ∈ CM×N .

Ỹ = Grx · (vec−1
M,N(r)) (4)

The operation vec−1
M,N(r) transforms r into an M×N matrix, with

the receive pulse shaping matrix defined as Grx = IM .
Then, the time-frequency domain received sampling matrix

Yt f ∈ CM×N is obtained through an M-point FFT operation

Yt f = FM · Ỹ (5)

A symplectic finite Fourier transform (SFFT) operation is ex-
ecuted to derive the DD domain symbol Y, represented as

Y = F†M · Yt f · FN (6)

The l-th row, n-th column element of the DD domain received
matrix Y ∈ CM×N is represented by Yl,k, where l = 0, . . . ,M−1
and k = 0, . . . ,N − 1. H stands for the DD domain channel
matrix, and the input and output relationship in the DD domain
follow a two-dimensional circular convolution relationship, ex-
pressed as

Yl,k =

M−1∑
l′=0

N−1∑
k′=0

H[l−l′]M ,[k−k′]N Xl′,k′ . (7)

3. The proposed receiver

This section proposes a receiver design scheme for UWA-
OTFS. The BOMP signal estimation method dynamically ad-
justs the weighting factors based on the estimated path block
power to achieve main path focusing. Additionally, a cascaded
MMSE equalizer is employed at the back end to mitigate IDI
caused by sidelobes.

The processing flow at the receiver is illustrated in Fig. 2.
First, the bandpass time-domain sampled signal is processed us-
ing linear frequency modulation (LFM) correlation to estimate
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Fig. 2. Processing flow of the receiver in the DD domain.

Doppler factors, and Doppler pre-compensation is performed
through resampling. Despite this, residual Doppler factors may
remain [26], leading to IDI in the DD domain. The 2D-VPR op-
eration can achieve symbol focusing in the DD domain, further
mitigating the effect of residual Doppler factors. OTFS demod-
ulation transforms the time-domain signal into the DD domain
signal Y. In the DD domain, the pilot symbols Ypilot are first ex-
tracted to estimate channel state information (CSI). Algorithm
1 outlines the BOMP-DWP channel estimation method, where
the sensing matrix Φ is derived by cyclically shifting the pilot
symbols Ypilot, the observation vector y corresponds to the re-
ceived signal, the signal sparsity is P, and the block approxima-
tion parameter w determines the size of the path block, which
is determined by Doppler domain resolution, typically set to
3. These parameters are input to the channel estimator, with
a detailed explanation of BOMP provided in reference [25].
Differently, to enable the recombined channel for driving the
2D-VPR, the power Pn of the current path weight În(ξn) is es-
timated, and the channel matrix is reconstructed based on the
power of various path blocks, aiming to enhance the main lobe
and suppress sidelobes.

After the channel estimator BOMP-DPW outputs the esti-
mated results Ĥpw

l,k , the estimated channel matrix Ĥpw
l,k is first

rotated by 180◦ as a whole, and the complex conjugate opera-
tion is applied, resulting in the two-dimensional time-reversal
matrix Ĥpw,vpr

l,k

Ĥpw,vpr
l,k = con j

(
Ĥpw

M−l+1,N−k+1

)
(8)

Substituting Eq. (7), Eq. (8) is rewritten as

Yvpr
l,k =

L−1∑
l′=0

N−1∑
k′=0

Xl′,k′N[l−l′]M ,[k−k′]N (9)

Algorithm 1 BOMP-DPW channel estimation algorithm.
Input: Φ, y, P, ω
Initialization: r0 = y, Λ0 = ∅, n = 1
While n <= P
do

1) Block Selection: λn ← arg max j=1,...,L

∣∣∣∣〈rn−1, x j

〉∣∣∣∣
2) Block Support Extension:
ξn = {λn − ω, ..., λn + ω},Λn = Λn−1 ∪ ξn

3) Channel Estimation:
În(ξn) =

(
Φ(ξn)TΦ(ξn)

)−1
Φ(ξn)T y(ξn),

ĥn(Λn) =
(
Φ(Λn)TΦ(Λn)

)−1
Φ(Λn)T y(Λn)

4) Power of path: Pn =
∫ ∣∣∣În(ξn)

∣∣∣2dξn ,

5) Residual Update: rn = y −Φĥn

6) Convergence Check:
max

∥∥∥ΦHrn−1
∥∥∥ ≥ 4 × arg max

∥∥∥ΦHrn−1
∥∥∥

n = n + 1
end

7) Reorganization Channel:

Ĥpw
l,k =

∑
n

(
Pn × În(ξn)

/∑
n

Pn

)
Output: Ĥpw

l,k

where

N[l−l′]M ,[k−k′]N =

M−1∑
l=0

N−1∑
k=0

Hpw
[l−l′ ]M ,[k−k′]N

Hpw,vpr
[l−l′]M ,[k−k′ ]N

. (10)

In ideal conditions, all multipath components are focused on
a single target point, forming a narrow main lobe. However,
due to noise or interference, practical applications may lead to
the emergence of sidelobes and the dispersion of the main lobe
focus. To address this, the 2D-VPR equalized pilot position
Yvpr,pilot

l,k is extracted, the channel estimation Ĥvpr
l,k is obtained

through BOMP, and the MMSE equalizer is employed to fur-
ther suppress the impact of sidelobes, producing the estimated
symbols X̂.

4. Simulations

In this section, the UWA simulation channel is generated us-
ing the BELLHOP tool. The sound speed profile (SSP) of the
UWA channel is derived from the South China Sea in October
2023. The transmitter depth is 15 m from the water surface,
and the receiver depth is 40 m. The SSP and CSI are shown
in Fig. 3. The relative velocity between the transmitter and re-
ceiver is denoted as v0 m/s, while the velocity of the pth path
is represented by vp m/s. To model a time-varying channel, the
velocity for each path is randomly selected from a uniform dis-
tribution spanning the range [v0−

√
3σv, v0+

√
3σv] m/s, result-

ing in a standard deviation of σv m/s. Here, v0 is set to 2 m/s,
and σv varies between 0.1 and 0.3 m/s for channels incorporat-

iii

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=5157913

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



1524 1526 1528 1530 1532 1534 1536 1538 1540 1542

Sound Speed (m/s)

0

10

20

30

40

50

60

70

D
ep

th
 (

m
)

(a) SSP of South China Sea

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

N
o

rm
al

iz
ed

 A
m

p
li

tu
d

e

0 5 10 15 20 25

Time (ms)

(b) CSI for simulation

Fig. 3. Conditions of the simulation channel.

ing path-specific Doppler scaling. The OTFS communication
parameters are detailed in Table 1.

Table 1
Parameters of OTFS

Parameter Value Parameter Value

Number of delay symbol M = 256 Sample frequency fs = 96kHz
Number of Doppler symbol N = 24 Cyclic prefix Tcp = 300ms
Bandwith B = 2kHz Pilot utilization rate 1/2
Center frequency fc = 3kHz Communication rate 1.8kbps
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Fig. 4. Performance comparison of the raw BER for different receiver
algorithms.

Fig. 4 illustrates a comparison of the raw BER performance
under different receiver algorithms. Regarding channel esti-
mation, the raw BER performance of threshold detection [27],
BOMP, and BOMP-DPW estimators was evaluated when com-
bined with 2D-VPR technology. The BOMP-DPW algorithm
significantly reduces the raw BER from 10−1 to 10−2 by effi-
ciently mitigating sidelobe interference. For channel equaliza-

tion, the MP interference cancellation algorithm [2] was added,
and the BER performance of the proposed BOMP-DPW+2D-
VPR receiver is comparable to the BOMP+MP receiver. Addi-
tionally, the MMSE cascade following the 2D-VPR technique
effectively suppresses sidelobe interference caused by channel
estimation errors and noise.
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Fig. 5. The impact of Doppler spread on the raw BER performance of
the proposed receiver.

Fig. 5 shows the comparison of the raw BER performance for
UWA channels with Doppler factor variances σv = 0.1, 0.2, 0.3.
The demodulation procedure is referenced in Fig. 2. The raw
BER performance is significantly impacted by Doppler fac-
tor expansion, as the time-domain resampling operation only
compensates for the average Doppler factor across all paths.
As the variance of the Doppler factor increases, larger resid-
ual Doppler factors remain after resampling, leading to greater
expansion in the Doppler domain grid and even in the delay
domain grid, thereby limiting the focusing performance of 2D-
VPR.
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5. Sea field experiment results and analysis

1100m
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Receiver

Transmitter depth

v
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Fig. 6. Experimental scenario diagram.

An experiment was conducted in the South China Sea in
2024 to validate the effectiveness of the UWA-OTFS receiver.
During the experiment, the hydrophones on the receiving side
were placed near the sound channel axis to ensure high-quality
signal reception, as illustrated in Fig. 6. The transmitter was
towed back and forth at a speed of 2 m/s across a distance range
of 0 to 5 km, starting at an initial distance of 5 km. Upon re-
turning to the starting point, the transmitter’s towing depth was
adjusted to 350 m and 80 m, completing signal emission exper-
iments under different depth conditions. Two back-and-forth
towing experiments were conducted at these different transmis-
sion depths, resulting in two sets of experimental data, labeled
as A and B.
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Fig. 7. Estimated relative speed of the two ships.

The transmitter continuously sent data packets, with the
OTFS parameters for each packet configured as shown in Ta-
ble 1. The maximum estimated channel delay range was 32 ms.
Furthermore, LDPC decoding was performed on the MMSE
output. The communication rate before decoding was 1.8 kbps,
which was reduced to 0.9 kbps after 1/2 LDPC decoding. group
A transmitted 28 data packets, and group B transmitted 20 data
packets. In both test scenarios, the two vessels started 5 km
apart, initially moving toward each other and later gradually
separating. Relative velocities were recorded every 12 minutes
using an LFM synchronization preamble, as shown in Fig.7.
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Fig. 8. Estimated CSI of different group.

(a)

(b)

Fig. 9. Received Symbols in DD domain. (a) Before 2D-PTR Equal-
ization (b) After 2D-PTR Equalization

Due to the differences in transmission depths, the UWA chan-
nel during the two groups also varied. The CSI estimated based
on LFM correlation at different depths is shown in Fig. 8. In
group A, the delay spread was 30 ms, while in group B, the
delay spread was approximately 20 ms, consisting of two dis-
tinct path clusters. Fig. 9 shows a comparison of the DD do-
main received signal for one data packet before and after 2D-
VPR equalization. The positions marked by the red arrows indi-
cate the pilot symbols’ shift and spread in the DD domain after
passing through the channel, which contains real information
about the UWA channel. In Fig. 9(b), the received signal af-
ter 2D-VPR equalization still shows the presence of sidelobes.
Nevertheless, the main path with strong energy achieves excel-
lent focusing in both the Doppler and delay domains. Although
sidelobes persist, the application of power weighted operations
reduces their amplitude, resulting in minor symbol interference.
The subsequent cascaded MMSE equalizer effectively mitigates
the interference caused by these sidelobes.

Fig. 10 shows the constellation diagrams before and after
MMSE equalization. The sidelobes shown in Fig. 10 led to IDI,
causing large deviations from the standard constellation values
in Fig. 10 (a) before equalization. After applying the MMSE
equalizer, IDI was effectively mitigated, resulting in more con-
centrated constellation points and reduced decision errors.

Fig. 11 shows the BER results for 48 transmitted data pack-
ets during the communication experiment. It compares the
BER performance of three receiver algorithms: BOMP+2D-
VPR+MMSE, BOMP-DPW+2D-VPR+MMSE, and BOMP-
DPW+2D-VPR+MMSE+LDPC. The 2D-VPR equalization al-
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Fig. 10. Constellation diagrams before and after MMSE equalization.
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Fig. 11. BER analysis of 48 data packets.

gorithm, driven by BOMP-DPW, shows a significant improve-
ment in BER performance. After LDPC decoding, the BER for
all packets reaches 0.

Fig. 12 shows a comparison of the raw BER percentages for
three receiver frameworks: I -the proposed BOMP-DPW+2D-
VPR+MMSE receiver design, II - the BOMP+MP receiver de-
sign, and III - the OFDM communication system based on the
time-reversal algorithm. Algorithm III refers to the current ma-
ture orthogonal frequency division multiplexing (OFDM) com-
munication system. It performs time-reversal in the time do-
main, uses OMP for channel estimation, and applies cascaded
frequency-domain equalization to achieve the original BER re-
sults. Residual Doppler factors in the received signal after time-
domain resampling cause fractional Doppler effects in the DD
domain, which limits the equalization performance of the MP
algorithm. On the other hand, 2D-VPR equalization focuses the
spread path energy onto the main path (as shown in Fig. 9), ef-
fectively mitigating the IDI caused by residual Doppler factors
in the DD domain. It is worth noting that the overall decoding
performance of group A is better than that of group B. This is
due to differences in channel conditions caused by transmission
depth. For the 2D-VPR algorithm, sparse and distinct multi-
path components in the channel, where a few dominant paths
account for most of the energy and the delay intervals between
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Fig. 12. BER percentages for different communication schemes and
receivers.

paths are longer, are more favorable for the algorithm to accu-
rately focus the energy of the main path. Furthermore, if the
channel delay spread exceeds the maximum delay estimation
range defined by the OTFS communication parameters, or if
the receiver cannot synchronize with the first path of the UWA
channel, the receiver’s performance will be constrained.

6. Conclusion

In this study, we propose a comprehensive receiver archi-
tecture for UWA-OTFS communication systems. The channel
estimates produced by the BOMP-DPW algorithm are applied
to 2D reversal equalization, effectively focusing the equivalent
channel’s main path in both the delay and Doppler domains.
The combination of the 2D-VPR and MMSE equalizers miti-
gates residual sidelobes, achieving a dual interference suppres-
sion mechanism. Sea trial experiments validated the applica-
bility of the 2D-VPR technique for UWA-OTFS communica-
tion systems, demonstrating stable communication at a relative
speed of 2 m/s, a data rate of 1.8 kbps, and a towing distance of
0 − 5 km.
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