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Abstract—The fading of underwater channels and Doppler
shifts are two major challenges in underwater acoustic multiple-
input single-output (MISO) communication systems, significantly
degrading performance. To address these challenges, this letter
proposes a joint fading and Doppler shift estimation scheme
for underwater acoustic MISO system. We begin by deriving a
composite fading coefficient, which encapsulates both propaga-
tion and absorption loss effects. Building on this coefficient, we
develop maximum likelihood and autocorrelation-based Doppler
estimators. We then evaluate the proposed scheme under var-
ious scenarios through computer simulations, comparing its
performance to classical algorithms and theoretical Cramér–Rao
bounds. The results demonstrate that our proposed approach
outperforms existing techniques and closely approaches the
theoretical limits, thus confirming its effectiveness in underwater
acoustic MISO communication.

Index Terms—Underwater acoustic communications, MISO,
doppler shift, composite fading coefficient, Cramér-Rao
bounds.

I. INTRODUCTION

UNDERWATER acoustic communications have attracted
significant attention in applications ranging from funda-

mental missions to extensive research in marine biology, given
that underwater radio and optical waves have limited ranges,
and cables are heavier and more expensive than wireless
media [1], [2], [3], [4]. Moreover, in contrast to the radio
or optical wave propagation environments, dynamic features
of oceans such as tidal, seasonal, and diurnal cycles lead to
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a more complex underwater channels. In order to improve
the communication performance of the underwater acoustic
system, the multiple-input single-output (MISO) technology
employing beamforming boycotts the acoustic multiple path
fading loss to enhance the underwater acoustic communication
quality.

Underwater environments inherently involve mobility,
except for the relative mobility of transceivers. This mobility
leads to a Doppler shift at the receiver side, and the relatively
low speed of underwater acoustic waves ( ∼ 1500 m/s) implies
that even moderate motion, e.g., transmitter or/and receiver
mounted on a surface vessel which is contingent on sea
surface waves or/and water currents, or on an autonomous
underwater vehicle (AUV) with modest movement, generates a
greater Doppler shift than those experienced in radio or optical
wave transmission. The Doppler shift is an important factor
and is utilized for the localization and tracking system. By
contrast, it can result in significant degradation of communica-
tion performance for the underwater acoustic communication
system [5]. Additionally, for sophisticated propagation char-
acteristics with the exception of underwater acoustic ambient
noise, another key aspect that impairs reliable underwater
acoustic communication is underwater channel fading. In
summary, the estimation of Doppler shift and channel fading
plays a considerable role in numerous underwater acoustic
communication systems.

To address severe Doppler shift effects, several popular data-
assisted methods have been presented to mitigate these issues
in the underwater acoustic communication system. These data-
assisted approaches rely on the periodic transmission of known
blocks. Linear frequency modulated (LFM) signal is generally
arranged in known blocks, as it has large time-bandwidth
product and low interception characteristics. The existing
classical scheme used in Doppler shift estimation employs a
group of correlators to compute the correlation values, and
selects the maximum one to be utilized as the correspond-
ing Doppler shift estimation [6], [7], [8]. However, as the
number of correlators decreases, the estimation performance
degrades, and the overall complexity is reduced. Current
popular applications of time-frequency (TF) analysis methods
such as fractional Fourier transform (FrFT) to Doppler shift
estimation of LFM signals appear in [9], [10], which can
achieve relatively good results due to its TF local properties.
Nevertheless, the computational complexity increases because
of the stepwise search required by these methods. Besides,
in order to address the issue of channel fading that can be
further processed to initiate adaptive transmission conditions,
optimal power allocation operation and other applications in
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Fig. 1. An illustration of the underwater acoustic MISO communication
system.

underwater communications, many classical schemes such as
least square (LS) and minimum mean square error have been
investigated over decades [11], [12], [13]. Bhadouria and Han
studied joint Doppler and channel estimation in [14], [15].
However, their approaches still entail high-dimensional matrix
operations and highly complex peak search computations
in dense multipath scenarios. Without doubt, beamforming
techniques can overcome these difficulties by suppressing
multipath propagation [16]. Furthermore, to the best of our
knowledge, no existing literature has investigated joint fading
and Doppler shift estimation for underwater acoustic MISO
communication systems.

To fill this gap, we propose, for the first time, a joint fading
and Doppler shift estimation scheme for underwater acoustic
MISO communication systems. More specifically, the contri-
butions of this work are summarized as follows: 1) We first
derive a composite fading coefficient, based on two lemmas,
that provides an unbiased estimate; 2) Using this coefficient,
we propose maximum likelihood and autocorrelation-based
Doppler shift estimators, which are nearly unbiased; and
3) The performance of the proposed approach is elaborated
via numerical simulation to demonstrate its advantages over
its benchmarks.

II. SYSTEM MODEL

This section describes the system model (see the illustration
in Fig. 1), including the transmit signals, the fading channels,
and the received signals in an underwater acoustic MISO
communication system.

A. Transmit Signals

The frame structure of the transmitted signals used in the
underwater acoustic MISO communication system is depicted
in Fig. 2. The initialization block is for acquiring the synchro-
nization parameters such as timing and Doppler shift. Assume
that the transmitter is equipped with a uniform linear array
of NT transducers, and that the initialization block is with
known LFM waveform x (t). In the following, the signal x (t)
will be transmitted over array with NT transducers utilizing a
beamforming vector fT , which is formulated as

x̃(t) = fT x (t), (1)

where fT is beams steering to the anticipated direction θ, and
can be written as

fT =
√

pT /NT a(θ), (2)

Fig. 2. The frame structure of the transmitted signals used in the system.

where pT stands for the transmit power allocated
to the steering partner, and steering vector a(θ) =
[a1(θ), . . . , aNT

(θ)]T .1 Next, the transmitted signals x̃(t) will
be through the MISO fading channels that will be introduced
in the following section.

B. MISO Channels

In this letter, we consider the receiver to be equipped with
a single hydrophone. The MISO fading channels between
transceivers have been elaborated, which can be modeled by
a principal-path-dominated one with the angle θ,2 formulating
as

h(t) = Ls(d)La (d)a
H (θ)exp(j2πfD t), (3)

where fD represents the Doppler shift, (·)H denotes the
Hermitian transpose operation, Ls(d) is propagation loss
(spreading loss) coefficient that can be expressed by

Ls(d) =
1

dα/2
, (4)

where d represents the propagation distance (in meters), α
is the spreading factor, and La (d) is the absorption loss
coefficient that can be written as

La(d) = 10−[(
d

1000 )β]/20, (5)

where β is absorption factor (in dB/km) detailed in [18].

C. Received Signals

The received signals at the receiver are given by

y(t) = Lexp(j2πfD t) aH (θ)x̃(t) + w(t), (6)

where L = Ls(d)La (d) is the composite fading coefficient,
and w(t) is the additional white Gaussian noise with variance
σ2. By substituting (1) in (6), we obtain a new expression
for the sampled version of the received signals after timing
synchronization as

y(n) = L
√

pTNT exp(j2πfDn) x (n) + w(n)

= L̄exp(j2πfDn) x (n) + w(n), (7)

where L̄ = L
√
pTNT .

1(·)T represents transpose operation. Also, the anticipated direction θ is
assumed as the one of principal path and has a priori information according
to feedback link.

2Beamforming toward the principal path is indeed a credible approach [17].
In our work, we consider the pointed beam in the principal-path-dominated
direction θ at the transmitter and, therefore, consider principal-path-dominated
fading channels only. However, imperfect link considerations, such as the
angle difference between the feedback link and the perfect link of transceivers,
are possible for some practical scenarios, which can be addressed through
angle prediction methods and is out of the scope of this letter.
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III. PROPOSED SCHEME

This section proposes a joint fading and Doppler shift
estimation scheme for the underwater acoustic MISO commu-
nication system. From (7), we observe that L is an unknown
composite fading coefficient, which must be determined before
estimating the Doppler shift. Next, we present two lemmas on
the second- and fourth-order statistics of y(n), i.e.,

Lemma 1: The second-order statistic of y(n) can be
written as

Ryy (m) � E{y∗(n) · y(n +m)}
= L̄2exp(j2πfDm) x∗(n)x (n +m) + σ2δ(m), (8)

where E{·} stands for the statistical average operator, (·)∗
represents conjugate operation, δ(·) denotes the Kronecker
delta function, and

Lemma 2: the fourth-order statistic of y(n) can be
expressed as

Ryyyy (o,m, q)

� E
{
y∗(n) · y(n + o) · y(n +m) · y∗(n + q)

}

= L̄4exp
(
j2πfD (o +m − q)

)

· x∗(n)x (n + o) x (n +m) x∗(n + q)

+ L̄2exp(j2πfDo)x∗(n)x (n + o) σ2δ(m − q)

+ L̄2exp(j2πfDm)x∗(n)x (n +m) σ2δ(o − q)

+ L̄2exp
(
j2πfD (o − q)

)
x (n + o) x∗(n + q) σ2δ(m)

+ L̄2exp
(
j2πfD (m − q)

)
x (n +m) x∗(n + q) σ2δ(o)

+ σ4
(
δ(o)δ(m − q) + δ(m)δ(o − q)

)
. (9)

Proof: In the Lemma 1 and Lemma 2, we assume that x (·)
is independent of w(·).

For Lemma 1, in addition to the aforementioned assump-
tions, using identity E{w∗(k)w(k+m)} ≡ σ2δ(m), inserting
(7) into the definition of (8), i.e., Ryy (m) � E{y∗(n) ·y(n+
m)}, and performing some mathematical operations, Equation
(8) can be obtained.

For Lemma 2, the fundamental identities, such as E{(w(k+
m)w(k + o))∗} ≡ 0, E{w(k + m)w(k + o)} ≡ 0,
E{w∗(k)w(k + m)w(k + o)} ≡ 0, E{w(k + o)w(k +
m)w∗(k + q)} ≡ 0, E{w∗(k)w(k + m)w∗(k + q)} ≡ 0,
E{w∗(k)w(k + o)w∗(k + q)} ≡ 0, and E{w∗(k)w(k +
o)w(k + m)w∗(k + q)}≡E{w∗(k)w(k + o)}E{w(k +
m)w∗(k+q)}+E{w∗(k)w(k+m)}E{w(k+o)w∗(k+q)},
are employed for the derivation of (9).

Similarly to the proof procedure of Lemma 1, substituting
(7) into the definition of (9), namely, Ryyyy (o,m, q) �
E{y∗(n) ·y(n+o) ·y(n+m) ·y∗(n+q) }, upon employing
the fundamental identities mentioned above and doing some
mathematical operations, we have Equation (9).

The detailed derivations of (8) and (9) are lengthy and have
been omitted for the sake of brevity. �

Employing Lemma 1 and Lemma 2, the following propo-
sition on the composite fading coefficient and Doppler shift
estimators is presented.

Proposition 1: The estimation of the composite fading
coefficient for the underwater acoustic MISO communication
system can be given by

L̂ =
(
2R̂2

yy (0)− R̂yyyy (0, 0, 0)
) 1

4
/
√

pTNT . (10)

Using this composite fading coefficient, we propose two
approaches, one maximum likelihood (ML) based and one
autocorrelation (AC) based, to infer the Doppler shift. A
maximum likelihood scheme for Doppler shift estimation is
presented as follows

f̂ML
D = arg min

fD∈D
|y(n)− ˆ̄Lexp(j2πfDn) x (n)|2, (11)

where D stands for the set of the Doppler shift, and ˆ̄L =
L̂
√
pTNT . In addition, an autocorrelation-based Doppler shift

estimator is proposed below

f̂ AC
D =

1

2πm
arg

{
E{(y(n)x∗(n))∗ · (y(n +m)x∗(n +m))}/ˆ̄L2

}
,(12)

where arg{·} denotes phase extracting operation. In order to
further improve its performance, employing difference method
to (12) can obtain an accurate solution, following

f̂ AC
D =

1

2πM
M∑

m=1

{
arg

{
E{(y(n)x∗(n))∗(y(n +m)x∗(n +m))}/ˆ̄L2

}
−

arg
{
E{(y(n)x∗(n))∗(y(n +m − 1)x∗(n +m − 1))}/ˆ̄L2

}}
.(13)

Proof: From (8) and (9), we observe that L̄ and σ appear
in these equations alongside the Doppler term. Thus, we can
perform algebraic manipulations on (8) and (9) to deduce
L̄. In the following proof, this assumption has been used:
x∗(·)x (·) = 1. Let o = m = q = 0 in the Lemma 2,
formulating as

Ryyyy (0, 0, 0) = −L̄4 + 2
(
L̄2 + σ2

)2
. (14)

Let m = 0 in the Lemma 1, we can obtain

Ryy (0) = L̄2 + σ2. (15)

Inserting (15) in (14), it can be obtained as

L̄4 = 2R2
yy (0)− Ryyyy (0, 0, 0). (16)

Let R̂yyyy (·, ·, ·) and R̂yy (·) be the unbiased estimation of
Ryyyy (·, ·, ·) and Ryy (·), respectively. Substituting these esti-
mates into (16) yields (10), which we use for the subsequent
Doppler shift estimation. The derivation of (11) and (12) is
straightforward, and we thus skip for brevity. �

The aforementioned work shows the proposed fading and
Doppler shift estimation scheme. In what follows, we present
another proposition for lower bounds (the Cramér-Rao bound
is generally utilized for this lower bound [19]) on the
suggested composite fading coefficient and Doppler shift
estimators.

Proposition 2: The Cramér-Rao bounds on the suggested
composite fading coefficient and Doppler shift estimators are

CRBL =
σ2

2pTNT
∑

n |x (n)|2
, (17)
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Fig. 3. The estimated composite fading coefficient versus the theoretical one.

and

CRBfD =
σ2

8π2L̄2
∑

n n2|x (n)|2 . (18)

Proof: For the unknown deterministic composite fading
coefficient L and the unknown deterministic Doppler shift
fD in the received signal model, we first collect them into
the vector ξ = (L, fD ), and then calculate their Cramér-Rao
bounds. According to [19], the (ι, κ)-th element of the Fisher
information matrix (FIM) can be given as

I(ξ)ι,κ = −E

[
∂2lnp(y(n); ξ)

∂ξι∂ξκ

]

=
2

σ2
Re

[
∑

n

∂s∗(n)
∂ξι

∂s(n)

∂ξκ

]

, (19)

where ln(·) is the logarithm operation, p(y(n); ξ) is the
probability density function of y(n) for a given ξ, Re(·)
is real operation, and s(n) = L̄exp(j2πfDn) x (n) =
L
√
pTNT exp(j2πfDn) x (n).

Inserting s(n) into (19) and doing some mathematical
operations, the entries of the FIM can be expressed as

[I(ξ)]1,1 =
2pTNT

∑
n |x (n)|2

σ2
, (20)

[I(ξ)]2,2 =
8π2L̄2∑

n n2|x (n)|2
σ2

, (21)

and

[I(ξ)]1,2 = [I(ξ)]2,1 = 0. (22)

Based on Equations (20) to (22), the Cramér-Rao bounds on
the presented composite fading coefficient and Doppler shift
estimators are given by CRBL = [I(ξ)]−1

1,1 and CRBfD =

[I(ξ)]−1
2,2, respectively. �

Alongside theoretical results, we draw attention to the
superior performance of our proposed scheme verified via
computer simulation in the following section.

IV. SIMULATION RESULTS

The performance of our proposed scheme is evaluated and
compared against the existed benchmarks and the Cramér-Rao
bounds. The detailed parameters for α, β and single LFM
signal utilized in the test cases are as follows: the spreading

Fig. 4. The MSE versus the SNR for different propagation distances.

factor is α = 2, the carrier frequency is fc = 10 kHz, the water
depth is 50 meters, A = 2.34× 10−6, B = 3.38× 10−6, the
salinity is Sa = 0.035, the relaxation frequency is fT = 1.42
kHz, the modulation slope is set to 5 × 105, the bandwidth
is 5 kHz, the length of the initialization block is 400, and the
signal sampling rate is set as 8 times of this bandwidth. In
addition, the number of the transducer NT is set to 6, and√
pTNT = 10.
In the first two simulations, we compare (i) the estimated

composite fading coefficient to its theoretical counterpart, and
(ii) the mean squared error (MSE) of the estimated coefficient
versus the signal-to-noise ratio (SNR). Fig. 3 shows the
estimated composite fading coefficient versus the theoretical
one, where d is set to 100, 95, 90, as well as 85 meters, fD is
set to 20 Hz,3 and the SNR is set to 30 dB. Fig. 4 portrays the
MSE performance of our suggested scheme, where d ranges
from 100 to 90 meters with a step size of 5, fD is the same
as the above setting, and the SNR ranges from 10 to 25 dBs
with an equal step size. The LS-based scheme and the Cramér-
Rao bound are employed for comparison. From Figs. 3 and 4,
we observe that our composite fading coefficient estimator is
unbiased, closely matching its Cramér–Rao bound.

In the following simulations, we analyze the performance
of the proposed Doppler shift estimators, where d is set
to 100 meters. Fig. 5 depicts the estimated Doppler shift
versus the theoretical one with SNR = 30dB and Doppler
shift ranging from -20 Hz to 20 Hz, where “-” denotes the
receiver moving away from the transmitter. As seen from
Fig. 5 that our presented estimator is almost unbiased. Fig. 6
illustrates the root MSE (RMSE) of the estimated Doppler shift
versus the SNR, where fD = 16 Hz, 10 Hz, as well as 5 Hz,
and the SNR is ranging from 10 dB to 25 dB with the equal
step size. The revised FrFT-based method and the Cramér-Rao
bound are used for performance comparison. From Fig. 6, we
observe that the RMSE using the estimated composite fading
coefficient matches the theoretical value, demonstrating the
benefits of our proposed scheme. Furthermore, Fig. 6 shows
that the performance stays close to the Cramér–Rao bound as

3As far as we know, the trade-off between the cruise velocity and endurance
of the AUVs should generally be considered [20], [21]. The cruise speed is
typically set to 3 ∼ 5 knots [20]. The Doppler shift of 20 Hz arranged in this
letter corresponds to a velocity of about 6 knot, which enlarges the bounds
mentioned above a little, and may be the cruise velocity met in the next
generation of the AUVs. Fortunately, the proposed scheme can yield pretty
good performance in these velocity values.
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Fig. 5. The estimated Doppler shift versus the theoretical one.

Fig. 6. The RMSE versus the SNR for different fD with the estimated
composite fading coefficient (CFC) and the theoretical one.

the SNR increases. The RMSE of our approach deviates by
only 1.36% to 2.87% at 20 dB, thus offering accurate Doppler
information for numerous underwater missions.

V. CONCLUSION

This letter proposes a novel fading and Doppler shift
estimation scheme for the underwater acoustic MISO com-
munication system. Initially, we derive an unbiased estimator
of the composite fading coefficient using two lemmas on the
received signals. Then, by using this estimated coefficient,
we perform Doppler shift estimation via maximum likelihood
and autocorrelation methods. The simulation results validate
the performance predicted by our theory and demonstrate the
significant benefits of the proposed approach.
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