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Underwater acoustic channels are usually sparse and have large delay spread. In this paper, super-nested array
structure in the field of array signal processing is borrowed to be the pilot design of underwater acoustic OFDM
systems, in order to better estimate large delay spread channels with limited number of pilots. Specifically,
by constructing the pilot subcarriers’ covariance matrix and the pilot position difference, the virtual pilot on
the differential co-array are employed for sparse channel estimation. In order to reduce the error between the
estimated pilot subcarriers’ covariance matrix and the ideal covariance matrix, the cross-correlation matrix
of pilot subcarriers is estimated in advance for interference cancellation. Then the sparse iterative covariance
estimation algorithm (SPICE) is adopted to further refine the covariance matrix and improve the channel
estimation performance. Simulation, pool and sea experimental results show that the proposed method can
effectively estimate the large delay spread sparse channels and improve the performance of underwater acoustic

OFDM systems.

1. Introduction

Due to the slow transmission speed of underwater acoustic waves,
reflections from the bottom and surface, as well as refraction of un-
derwater acoustic waves lead the signal reach the receiver in different
directions and paths, resulting in significant multipath delay spread
of the underwater acoustic communication channels [1]. Orthogonal
frequency division multiplexing (OFDM) technology has the advan-
tages of low complexity equalization of multipath channel and high
bandwidth efficiency, hence it has been widely used in underwater
acoustic communication systems [2-4]. In terms of channel estimation,
the simple least squares (LS) and subspace multiple signal classifi-
cation (MUSIC) algorithm have been applied to underwater acoustic
OFDM systems. Taking advantage of the sparsity of underwater acoustic
channels, compressed sensing technology was proposed and it is still
very popular nowadays [5]. Among the compressed sensing techniques,
orthogonal matching pursuit (OMP) has relatively lower computational
complexity [6], and therefore it is widely adopted [5,7,8].

For coherent communication systems, pilots are needed for accurate
channel estimation. A significant amount of underwater acoustic OFDM
systems adopt uniform pilot distribution for channel estimation [5,8].
However, due to the existence of periodicity, uniform pilot distribution
faces the problem of limited estimation range. For example, in an

OFDM system with a symbol duration of T" and a uniform pilot interval
of D, only the delay within T/D can be effectively estimated. In order
to estimate the delay beyond the range, it is necessary to further reduce
the pilot interval and increase the number of pilots, which means that
valuable bandwidth resources are wasted. On the other hand, if random
pilot distribution is used for channel estimation of OFDM systems, the
accuracy of channel estimation generally deteriorates [9]. In order to
solve this problem, according to the equivalence between path delay
estimation in OFDM systems and direction of arrival (DOA) estimation
in antenna array processing [10], this paper refers to array element
distribution for the pilot design of underwater acoustic OFDM systems.

According to the classical coprime array theory [11], in order to im-
prove the direction finding ability, the design schemes such as coprime
array with compressed inter-element spacing (CACIS), coprime array
with displaced subarrays (CADiS) based on the ion array and multi-
order super-nested array have been widely used [12,13]. These array
structures have a common feature, that is, the spacing between the ar-
ray elements is not uniform and the difference co-matrix is constructed
from the array element covariance matrix. In the difference domain,
the increase of the continuous position difference means the increase
of the number of virtual array elements, which further increases the
degree of freedom and improves the estimation accuracy. As a result,
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Table 1
Symbols used in this paper.
N Number of subcarriers
T, Cyclic-prefix length
f. Carrier frequency
s[k] Data symbol on the kth subcarrier
q(t) Rectangular pulse shaping window
h(1) Channel impulse response
A Amplitude of /th path
z[k] Observation on the kth subcarrier
P Set of pilot subcarrier indices
a, Steering vector of the /th path
P, Position of the mth pilot
& Vector consisting of all ¢
5? Noise power
R, Diagonal matrix consisting of &
Iy, N, X N, unit matrix
C, Set of pilot position difference
6} Estimated value of (-)
A Oversampling factor in delay estimation
T Maximum path delay
& Equivalent path amplitude vector

T Symbol duration

B Bandwidth

N, Number of pilots

(1) Passband OFDM symbol

L Multipath number

8(1) Dirac delta function

7 Delay of /th path

wlk] Noise on the kth subcarrier

b4 Pilot subcarrier observation vector after compensation
A Matrix consisting of all a,

& Equivalent amplitude of the /th multipath
n Equivalent noise vector after compensation
R, Ideal pilot subcarrier covariance matrix

N, Number of snapshots of the received signal
M, & M, Number of pilots in the two sub-arrays

Cross-correlation interference between paths

R Pilot subcarrier covariance matrix (limited snapshots)
(o] Number of candidates in dictionary matrix

A Constructed dictionary matrix

n Equivalent noise vector in delay estimation

AR, B Steering vector, power, and equivalent power matrices in delay estimation with enough snapshots

R;]/ 2 Positive definite square-root of R;Z' Pi Equivalent power of the kth multipath delay: &

r I Matrices R_.,Iy, vectorized Equivalent path power vector: [.ff,ﬁ%,..uféf

X Kronecker product A [a,,a,,....ap], each column & = a} @ a;

r, A, I Constructed from r, A, I, with elements, rows corresponding to virtual pilots selected

T Position index of the virtual pilots N, Symbol number for time-varying channel estimation
a; Complex gain of the /th path T, Sample interval

N, Sample length of CP v Total sample length of OFDM symbol: N + N,

a; Average complex gain of the /th path c Vector of N, polynomial coefficients for the /th path
Caes, Optimal solution of ¢, T Transformation matrix

fa Residual Doppler frequency shift C Set of complex numbers

the DOA estimation performance of the subspace based and compressed
sensing based methods can be further improved [14].

In this paper, a super-nested pilot distribution is designed for under-
water acoustic OFDM systems to improve the performance of channel
estimation in large delay spread channels. By constructing the pilot
covariance matrix and the pilot position difference, the pilot covariance
matrix elements corresponding to the continuous position difference
are obtained and rearranged on the basis of the differential co-array.
Then, they are used as the continuous uniform virtual pilot, based on
which the channel is estimated through compressed sensing algorithms
such as OMP.

The contributions of this paper include:

1. A pilot design of super-nested structure is proposed for underwa-
ter acoustic OFDM systems in sparse channels with large delay
spread.

2. Estimation of cross correlation between pilot subcarriers and
sparse iterative covariance estimation (SPICE) algorithm are
adopted to process the covariance matrix for better estimation
performance.

3. Simulation, pool and sea experimental results are utilized to
verify the effectiveness of the proposed scheme.

The paper is organized as follows. The system model and the pilot
design are given in Section 2. The sparse channel estimation scheme is
described in Section 3. The simulation and experimental results are pro-
vided in Section 4 and Section 5, respectively. The concluding remarks
are given in Section 6. Table 1 lists out the important mathematical
symbols used in this paper, most of which will be introduced in more
details when they are defined.

2. System model
2.1. OFDM system model
In this paper, cyclic prefix (CP) OFDM is considered. Assume one

OFDM symbol consists of N subcarriers. The OFDM symbol duration is
T, the length of the cyclic prefix is T,,, the subcarrier spacing is 1/7,

and the system bandwidth B = N /T. The kth subcarrier is at frequency

k N N
fk-ff"fyk——?,...,E—I 1)
where the carrier frequency is f,. Denote the data symbol transmitted
on the kth subcarrier to be s[k], the passband OFDM symbol to be

transmitted can be expressed as

N/2-1

Y, slkle @) @

k=—N/2

%(t) = 2Re

where ¢(¢) is the rectangular pulse shaping window,

a0 = {1’ ewhore ®

0, elsewhere

The adopted channel model is a multipath channel with L paths,
the amplitude and delay of each path are 4, and 7, (! = 1,2,..., L),
respectively. Since there have been many related work on wideband
Doppler estimation and compensation for underwater acoustic OFDM
systems, we focus on the cases of no Doppler effect or only residual
narrow band Doppler effect in this paper. In case without Doppler, the
channel impulse response h(t) can be written as

L
h(t) =Y At — 1)) (4
=1
At the receiver, after downshifting, low-pass filtering, CP removal
(assume it is longer than the maximum delay spread), and fast Fourier
transform (FFT) demodulation, the data on the kth subcarrier can be
expressed as
L
z[k] = ) Aysikle > /it 4 wik] 5
I=1
where w[k] is the additive noise. Among N subcarriers, it is assumed
that there are N, pilot subcarriers, which are used for channel esti-
mation. Furthermore, the set of pilot subcarrier indices is denoted as
P.



L. Wan et al.

After compensating the received frequency domain observation vec-
tor by pilots, the input-output relationship on the pilot subcarriers can
be expressed as

2=Aé+n ©)
where 2,n € CVrX! represent the equivalent received observation vec-
tor and the equivalent noise vector, respectively. A [a,l, - ,a,L],
the /th column vector a,, in A corresponds to the contribution of the
Ith multipath. a, [m] = e=/2"/e*Pu/D% (m = 0,1,...,N, — 1), P, is the
position of the mth pilot, P, € P. & = [£.&,,...,£,]7 is the equivalent
amplitude vector of each multipath component, where (-)7 denotes the
transpose of (-).

It is assumed that the signals of each path are independent of each
other. When the number of snapshots of the received signal N, is large
enough, the pilot subcarrier covariance matrix can be expressed as

Ny
R, = E[2z7 Z V= AR A" +871y, —Z’g’,a
n=1 =1

TSy,

7 r/

@)

where (x)f denotes the conjugate transpose operator, %, denotes the
nth pilot-compensated received signal, R, = diag(é},&2,....£2), &
represents the power of the /th multipath, 52 is the noise power, and
Iy, is the N, x N, unit matrix.

2.2. Pilot design

The pilot distribution of OFDM is designed as a super-nested array
structure to obtain the maximum number of continuous pilot position
difference. The super-nested array can be subdivided into first-order,
second-order, third-order and more. In this paper, taking the second-
order super-nested array structure as an example, we assume that the
number of pilots in the two sub-arrays is M, and M,, respectively,
where M; > 4, M, > 3. Then the pilot position set P satisfies the
following relationship

P=X,uY,uX,uY,UZ UZ, (€))
where,

Xy={1+29 | 0<g< Ay}

Y, ={M;+D)-(1+29 | 0<g< B}

X={M;+D+Q2+29) | 0<g< A4y}

()
Yy ={2(M, +1)-(2+29) | 0<g< By}
Zy={q(M; +1) | 2<q< My}
Zy={My(M; +1) -1}
The parameters A,, B;, A,, B, are defined by the following
(r,r=1,r=1,r=2), M, =4r
(A, By, Ay, By) = (r,r=1Lr=1r=1), M =4r+1 10)

r+lLr-1rr=2), M, =4r+2
(rr,r,r—=1), M; =4r+3
where r is an integer.

The (i, j)th element of the pilot subcarriers covariance matrix R,
comes from the contribution of all paths a,lila, [j1#. For all /, the
value alila,[ j1¥ is depended on the difference between the positions
of the ith and the jth pilots. Using the above super-nested structure
pilot distribution, the set of pilot position difference is given by

C, = {klk=u—-v,uecP,veP) an

Obviously, there are many repeated elements in C,, indicating that
the covariance matrix R,, has many repeated elements. For channel
estimation, the longest continuous position difference is selected from
the pilot position difference set C,, and the corresponding elements are
obtained from the covariance matrix R, to form the virtual pilots.
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Based on the obtained virtual pilots, compressed sensing algorithms
such as OMP can be utilized to estimate the multipath delays and
amplitudes. However, in practical communication systems, the number
of snapshots of received signal is usually limited, and hence the ideal
covariance matrix R,, shown in Eq. (7) is not available. In the next
section, methods will be introduced to overcome this issue.

3. The proposed channel estimation scheme
3.1. Initial cross-correlation interference estimation

When the number of snapshots of the received signal %z is small
(taking 1 as an example), the cross-correlation interference R, be-
tween each path’s signal should be considered. Then pilot subcarrier
covariance matrix model is modified to

R! "

zz

Il
N
N

R AP + 521N +R,,
12)

z; a,a +5 IN+Z Z &éa, all "

i=1 j=1,i#j

In this paper, we propose to carry out an initial channel estima-
tion for the reconstruction of R,,,. The pilot-compensated signal % is
adopted to estimated the multipath delay #, and amplitude & directly.
Then the steering vector a; = [e™/2"UetR/T mi2nlfetP /DA

_ 1T
¢ /2Pyt /TR from the multipath delay #, is established, and an

estimate of the cross-correlation R, . can be obtained

L i
R, = Z _ D _éi }&;_ag a3

where L is the number of estimated multipath.
Using R,,, for interference cancellation, the estimated pilot subcar-
rier covariance matrix can be expressed as

~ 1 _1 ~ CLH ~
R, =R, -R,=2:"-R, a4
It is worth mentioning that the initial channel estimation for inter-
ference reconstruction based on % can be carried out through several

algorithms, such OMP based compressed sensing method.

3.2. Further covariance matrix refinement

In order to further reduce the error between the estimated pilot
subcarrier covariance matrix and the ideal pilot subcarrier covariance
matrix, SPICE algorithm is applied to estimated the pilot subcarrier
covariance matrix. By constructing a dictionary matrix, we sparsely
represent the received signal on the pilot subcarrier in (6). Define
Q = [4B - 1,,,.] + 1, where 4 and r,,,, are the oversampling factor
and the maximum delay, respectively. Thus, the equivalent channel
input-output relationship in matrix vector form can be expressed as

z2=AE+n 15)

where A € CN»*Q, £ € C2%! and i € CNrX! are the dictionary matrix,
the equivalent path amplitude vector and the equivalent noise vector,
respectively. A and & are defined as

=[a1,..‘,a,»,...,aQ]

_ r (16)
&= [flw--’fiwnwfg]

. P,
where the mth element of the atom a, is e /2*/*7)% P < P, and
T =5
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In case the number of snapshots N, is large enough, the pilot
subcarrier covariance matrix model in Eq. (7) can be expressed as:

Ny
. 1 sy <5 2 H
R, =E[zz") = A 2,5 = ARA” + 51y,
n=1
17
0 . 17)
=) Gaal +521, = ABA"
k=1
where
R 2
s =diag(&l.&, ... &)
A2[A INp]=[al,...,aQ,aQ+l7‘..,aQ+Nﬂ]
B £ diag(§}.&5. . &5, 81,0 8y ) £ diag(py. Dy - Ps Posts -+ s Posn,)
18

Here A € CN»<©@+Np) and B € C@+NpX(@+N)) are steering vector matrix
and equivalent power matrix, respectively. p, = aff (k=1,2,...,0+N,)
is the equivalent power corresponding to kth multipath delay.

In practical systems where the number of received signal snapshots
N, is small, SPICE algorithm based on covariance fitting criterion is
carried out, which minimizes the following f (see, e.g., [15])

2 19)

Here, R, is the ideal covariance matrix shown in (17), ftzz is the es-
timated covariance matrix, R;Z' /2 denotes the positive definite square-
root of R;Zl.

Actually, minimizing the fitting criterion f is equivalent to mini-
mize the following function

—1/2 =1/2,2

=|IR,; RZZ )R

o+
g=w(RPRIR ) + Z @R app, (20
k=1
which can be reformulated as the following constrained minimization
problem

Q+N,

mlntr(R R R 1/2 Z wepr =1 21

P20

where o, = a; R ak/N

In summary, the problem of minimizing the fitting criterion f is
transformed into an optimization problem with the equivalent power
petk = 1,2,...,0 + N,) constraint. In the process of fitting itcAeration,
the algorithm first initializes the estimated covariance matrix R,, and
the equivalent power p,, then updates the current equivalent power
pr by the previous round of equivalent power. At the same time, the
equivalent power matrix B is also updated. Each time the updated
B is used to update the estimated covariance matrix R,, until R,,
approaches the ideal covariance matrix R_,. The detailed process of
SPICE can be seen in Algorithm 1. The variation between the current
estimated covariance matrix and the one in the previous iteration,
along with the maximum number of iterations are adopted as the
stopping criteria for SPICE algorithm in this paper.

3.3. OMP channel estimation formulation

Assuming that we obtain the ideal pilot subcarrier covariance matrix
R, after the above two steps, vectorize R,, and we have

r=vec(R,;) = Ab+ 821 (22)

where vec(R,,) means that the columns of the covariance matrix R,,
are accumulated to form a vector, I = vec(I N, A = [a,,a,,... ,agp]
where each of these columns @, = a @ a;, a; denotes the conjugate of
a;, ® is Kronecker product, b = [¢2,£2, ... ,fé]T is the equivalent path
power vector.

Using the super-nested structure pilot distribution, the longest con-
tinuous position difference is selected from the pilot position difference

Signal Processing 227 (2025) 109709

Algorithm 1 SPICE

Input: R,, the pilot subcarrier covariance matrix, R,,: the
cross-correlation interference matrix
Output: R, : estimation of covariance matrix on pilot subcarriers

o . .l _ A
Step 1: Calculate the initial covariance matrix R_, = R, — R,,,
Step 2: Initialization: _

The steering vector matrix A € CN»*@*+Np) and equivalent power
matrix B" e C@+N)X(©@+Ny) The (k, k)th element of B™ is P =
A1
a,{’ Rzzak
Tl

is .
Calculate the initialized value:
RiM = ZBiniZH
A1
o, =af(R,)"'a;/N,
0+N, 1 inin—1,

tm — Zk oy / p;(m”ak(le) I(RZZ)1/2||
PU = piﬂi ||all<1(R”")71(Rzz)l/2||

k k wi/Z pini

. The maximum number of iterations is G, and the threshold

0 _ g;: 0 0 0
B" = diag{py.py. - Ppn, }

. N ~g—1
wh11eg<G& IIRE, — R || > € do
Q+N, 1/2 1 ag—l 1 a5l
= 2 oy (RE R
fork—l (Q+N)do
. 1 llat (RS VR )2
pk l/ng—l
k
end for
— i g & 4
B¢ = diag{p,p;, ...,pQ+Np}
ce = o.mp
R® =AB:A
g=g+1
end while

set C,. According to the rule of Kronecker product, the differential array
of the super-nested structure is a uniform linear array with the number
of 2M| M, + 2M, — 1 (M; > M,) elements, which is the maximum
length of the continuous position difference. Specifically, the vector r is
screened and rearranged in the order of pilot position difference from
-M|M, - M, +1to MM, + M, — 1, and then the received signal r,
corresponding to the virtual pilots with continuous position difference

is obtained, which has the following relationship
=A b+ 61, (23)

where A, € COMMa+2My=1XQ and T, € CCMiMy+2My=DX1 are from A
and I. A, is also the dictionary matrix, similar as (16), it can be defined
as

31=[aTI,AA.,aTi,...,aTQJ 24)
I

where the mth element of the column vector a,, is e T T rep-

resents the position index of the virtual pilots, J,, € [-M| M, — M, +

1, MM, + M, - 1].

Based on (23) and utilizing the sparseness of underwater acoustic
communication channels, OMP algorithm is adopted in this paper to
estimate the path delays #; and amplitudes f,-. In OMP algorithm, vector
r is correlated with all the columns in the dictionary matrix A, at
each iteration, and the column corresponds to the maximum correlation
value identifies the path delay. Then a LS problem is solved to calculate
the amplitude corresponding to the path delay. At each iteration, we
compare the residual fitting error and the reduction of the fitting error
with the threshold based on noise power to determine the termination
of the algorithm. After obtaining the estimates of the path delays
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and corresponding amplitudes, the channel frequency response can be
re-constructed for data decoding.

In summary, the channel estimation scheme proposed in this paper
first designs a super-nested pilot structure for OFDM communication
systems. Next, in the receiver side, the pilot covariance matrix is
modeled. The cross-correlation interference between the signals of each
path is estimated by the initial channel estimation to carry out interfer-
ence cancellation from the covariance matrix. In addition, in order to
further approximate the ideal covariance matrix model in the condition
of small number of snapshots, SPICE algorithm is used to refine the
covariance matrix. Then, according to the pilot position difference,
the covariance matrix elements are selected and rearranged as the
received signal on continuous and uniform virtual pilot subcarriers.
At last, OMP algorithm is utilized to estimate the channel based on
the so-called virtual pilot obtained in the previous step. Through these
steps, the ultimate goal is to achieve effective estimation of large delay
spread channels with limited amount of pilots. The proposed channel
estimation scheme is summarized in Algorithm 2.

Algorithm 2 Proposed Channel Estimation Scheme

1: Design super-nested structure pilot distribution

2: In the receiver side, complete pilot compensation to obtain the
received signal on the pilot subcarriers %

3: Establish the pilot subcarrier covariance matrix model R, with a
small number of snapshots

4: Execute initial channel estimation based on % to estimate multipath
delay #, and amplitude &

5: Calculate the cross-correlation matrix R, and carry out initial

interference cancellation: ﬁlz =R,,—-R,,

6: Adopt SPICE algorithm to refine the pilot subcarrier covariance
matrix R, based on ﬁiz

7: Vectorize the covariance matrix R, from previous step, then screen
and rearrange it to obtain virtual pilot position vector r;, which ba-
sically consists of dealing with repeated elements and rearranging
elements according to the position difference set

8: Execute OMP algorithm for channel estimation based on the
received signal r; on the virtual pilots

3.4. Time-varying channel estimation

In underwater acoustic communication, when the communication
distance is far greater than the water depth, the angle of the multipath
reaching the receiver is similar, and Doppler effect is dominated by
transmitter/receiver relative motion [16]. In this channel setting, a
considerable number of literatures have proposed effective solutions to
the problem of wideband Doppler estimation and compensation [17—
19]. Therefore, we assume that the wideband Doppler effect of the
channel has been effectively estimated and compensated, and focus
on that there is only residual narrowband Doppler which causes time-
varying effect. Targeting at this channel condition, we further propose
to use the polynomial estimation method for the time-varying mul-
tipath complex gain, based on which the channel matrix with inter-
carrier interference is reconstructed [20]. Specifically, the variation
of each path’s complex gain is approximated by a polynomial within
several OFDM symbols. Meanwhile, the multipath delay information
is still estimated based on the proposed scheme utilizing observation
vector on the virtual pilots.

First, we briefly review the process of estimating the time-varying
multipath complex gain based on the polynomial model. Assuming that
N, OFDM symbols are transmitted, and the complex gain of the /th path
of the symbols is «;, which can be expressed as

@ = [(=N,T,),aq/(~N, + DT,), ..., a/(N, = N, = DT,)] (25)
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Table 2

Parameters of CP-OFDM.
Bandwidth B 50 kHz
Carrier frequency f, 250 kHz
Number of subcarriers N 1024
Number of pilots N, 128
Symbol duration T 20.48 ms
Cyclic-prefix length T, 19.52 ms
Modulation type QPSK

Here T, is the sample interval, N is the sample length of OFDM symbol,
N, is the length of the CP, and v = N + N,. The duration of an OFDM
symbol can be written as vT,. Using the polynomial model established
by N, coefficients to approximate the complex gain of the path, the
following model can be obtained

N1

q(qTy) = Y cquq” +&lal (26)
d=0

where ¢, = [co,,,...,ch_L,]T represents N, polynomial coefficients,

q € [-N, N, — N, — 1], &lq] represents model error. In another
word, the time-varying complex channel gain «, at any sample time
qT, is approximated by a polynomial with order N, — 1. Polynomial
coefficients ¢, can be calculated based on the average complex gain
a; = [&,, ..., &, y, -] of the /th path, which means the optimal solution
Cges, Of €/ 18

Ches) =T ' 27)

where T € CNeXNe denotes the transformation matrix. [20] shows that
N, = 2 can achieve performance very close to the best, so this paper
uses N, =2, and then T =[1, %; 1, NoLy v].

Based on aforementioned polynomial model, the proposed method
to handle time-varying channel introduced by residual narrowband
Doppler can be summarized as following steps. First, N, OFDM symbols
are utilized, which have their pilots follow super-nested structure, so
as to estimate large delay spread channel. In this paper, N, = 2
is adopted. Second, in the receiver side, based on the observation
vector corresponding to the virtual pilots, OMP algorithm is adopted to
estimate the delay of the paths, denoted as %, = [7, 75, ..., 7, ]. Next,
based on each symbol’s own observation vector % shown in Eq. (6), the
average complex gain @, is estimated using the LS method. Denote the
set of the average complex gain of L multipaths to be & = [&;, ..., & ],
the best polynomial coefficient matrix is then estimated as C,,, =
T 'a, where C,,, = [€4es,» -+ > €qes, |- Finally, the complex gain & =
{@&,(qT}).....a,(qT,)} is approximated by the polynomial coefficient
model, where &,(¢T,) = Z;\j:‘(; ! ¢4,9 and ¢4, is the dth element of vector
¢4.5,- The channel frequency response matrix H is then reconstructed
by using time delay %,,, and complex gain.

4. Simulation results

Simulations in a sparse and large delay spread underwater acoustic
communication channel setting are carried out to validate the per-
formance of the proposed channel estimation scheme. The channel
has 5 randomly generated paths, with the inter-arrival time of two
neighboring paths following an exponential distribution with mean
value 4 ms, so the average delay spread of the channel is 16 ms.
The amplitudes of paths are Rayleigh distributed, with average power
decreasing exponentially with the delay, where the difference between
the beginning and the end of the guard time of 19.52 ms is 20 dB.
The parameters of the simulated CP-OFDM system are summarized in
Table 2. In the simulations, the ratio of the average delay spread to the
OFDM symbol duration T is around 0.78, thus it can be considered as
an underwater acoustic channel with large delay spread.

In the simulation, 5 snapshots of OFDM symbols are adopted for
channel estimation, during which period the channel is assumed to
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Fig. 1. The comparison of MSE performances with different pilot distributions.
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Fig. 2. The comparison of uncoded BER performances.

be stable. For the proposed and reference channel estimation schemes,
OMP algorithm with oversampling factor A = 8 is adopted. The perfor-
mance measures are the mean squared error (MSE) of the estimated
channel frequency response and bit error rate (BER). The proposed
channel estimation scheme based on super-nested pilot structure is
compared with direct OMP based channel estimation with random
and uniform pilot structures. For all the channel estimation schemes,
the number of pilots N, = 128. In super-nested pilot structure, to
obtain maximum number of continuous pilot position difference, in
this paper, the sizes of the two sub-arrays are M; = M, = 64. The
random pilot structure adopted in the simulations is the optimized one
which minimizes the maximum cross-correlation between columns of
the dictionary matrix [21].

Fig. 1 shows the MSE performances corresponding to different pilot
distributions. It is inferred that the ratio of the delay range that can
be effectively estimated by the uniform pilot to the symbol duration
is 0.125. The uniform pilots’ periodicity makes it unable to estimate
the large delay spread channel, and its performance is poor. On the
contrary, the proposed scheme based on super-nested structure pilot
and the direct estimation based on random structure pilot can effec-
tively estimate the large delay spread sparse channel. Comparison of
the MSE performances between the proposed super-nested structure

Signal Processing 227 (2025) 109709

Table 3
Complexity comparison of channel estimation schemes.

Channel estimation scheme Complexity

Proposed scheme
Random structure pilot scheme

OGN, + L|AN] + L,AN})
(9(L3/1Np2)

pilot scheme and the random structure pilot scheme shows that the
proposed scheme can estimate the channel more accurately at most of
the signal-to-noise ratio (SNR) range, i.e., when SNR is larger than 3 dB.

Fig. 2 presents the uncoded BER performances of the proposed
scheme with super-nested structure pilot and direct estimation with
random structure pilot, where similar information can be observed as
for the MSE performances. At most of the SNR range, the proposed
scheme with super-nested structure pilot can further improve the accu-
racy of channel estimation and reduce the BER by constructing virtual
uniform pilots, which means more virtual pilots than the actual number
of pilots are utilized in channel estimation. At BER level of 1072,
around 2 dB gain is obtained by the proposed scheme with super-nested
structure pilot than the reference scheme with random pilot.

Next, the computational complexity is analyzed. The complexity
of the proposed scheme is mainly composed of three parts: OMP
algorithm pre-estimates the channel based on the actual pilot signal,
SPICE algorithm refines the covariance matrix, and OMP algorithm re-
estimates the channel based on the virtual pilots. The complexity of
the SPICE algorithm is mainly determined by the inverse operation of
the covariance matrix f(iz in each iteration. The dimension of Ri is
N, x N,, after G iterations, the complexity is (D(GNI?). The complexity
of the OMP algorithm mainly depends on the estimation of the path
delay, that is, the calculation of the inner product function based on
the dictionary matrix. It is assumed that the method proposed in this
section first pre-estimates L, paths based on N, pilots using OMP
algorithm, and the complexity of inner product operation is O(L, AN{%).
Then, based on virtual pilots, OMP is used to estimate L, paths. The
number of virtual pilots is N, = 2M | M,+2M,—1, and the complexity of
inner product operation is O(L,AN?). Similarly, it is assumed that the
random pilot distribution scheme uses OMP to estimate L; multipaths,
and the complexity of the inner product operation is (9(L3/1N§). The
complexity comparison results are shown in Table 3. In general, the
proposed method uses more complexity to achieve better performance.

In addition, for the estimation of time-varying large delay spread
sparse channels, the performance of super-nested structure pilot, ran-
dom pilot, and systematic pilot is compared. For all the pilot structures,
polynomial estimation method is adopted to obtain time-varying mul-
tipath complex gain, as described in Section 3.4, and N, = 2 OFDM
symbols are utilized. For the systematic distribution pilot design, it
has the following characteristics: first, the uniform pilot is set at an
equal interval of 16, and then two pilots are placed adjacent to the
original uniform pilot at an interval of 32. Therefore, the distribution
characteristic of three consecutive pilots as a cluster is presented. For
all the 3 schemes, the pilot number of each OFDM symbol is N, = 128.
The residual Doppler frequency shift adopted in the simulation is f; =
0.05/T = 2.44 Hz, and the multipaths are generated in the same way as
the previous setting.

Fig. 3 presents the simulated uncoded BER performances corre-
sponding to the three pilot distributions in time-varying channel. It
can be seen that for time-varying large delay spread sparse underwater
acoustic channel, the super-nested structure pilot distribution adopting
polynomial estimation method still has the best performance. Because
of the limited amount of pilots, the systematic pilot design also suffers
from the periodic ambiguity generated from uniform clusters, and
hence it cannot handle large delay spread channel very well.
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Fig. 3. The comparison of uncoded BER performances of three pilot distribution
schemes in time-varying channel.
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Fig. 4. An example of channel impulse response in the pool experiment.
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Fig. 5. The comparison of BER performances between the proposed scheme and
random structure pilot in pool test.
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Table 4
Parameters of CP-OFDM in poor experiment.

Bandwidth B 12.5 kHz
Carrier frequency f, 250 kHz
Number of subcarriers N 1024
Number of pilots N, 128
Symbol duration T 81.92 ms
Cyclic-prefix length T, 80 ms
Modulation type QPSK

5. Experimental results

5.1. Pool experiment

In order to verify the effectiveness of the proposed channel estima-
tion scheme, a pool experiment was carried out at May 2023, in the
Marine Physical Acoustics Laboratory of Xiamen University, Xiamen,
Fujian Province, China. The experimental pool is 27 m long, 15 m wide
and 2.8 m deep. The distance between the transmitter and the receiver
is 8 m, and the water depth is about 1.5 m. The parameters of CP-OFDM
system are summarized in Table 4. Besides, 0.5 rate low-density parity-
check (LDPC) channel coding was employed. During the experiment, 10
bursts of 5 consecutive OFDM symbols were transmitted and collected.

Fig. 4 shows the channel impulse response of the pool experi-
ment. It can be seen that there are abundant multipath components
in the channel, corresponding to the reflection from different walls
of the pool. The delay spread of this channel is around 40 ms. The
ratio of the delay spread to the symbol duration T is around 0.49,
which means the channel can also be considered as large delay spread.
Fig. 5 presents the BER performance comparison between our proposed
channel estimation scheme and direct channel estimation with random
structure pilot in this pool environment. For all the 10 bursts of received
OFDM symbols, additional white Gaussian noise is added to generate an
average BER curve in the SNR range of 2 dB to 8 dB. It can be observed
that the proposed scheme has better estimation performance, and the
result coded BER gain increases with the increase of the SNR. At BER
level of 1072, more than 0.5 dB is obtained by the proposed scheme
with super-nested structure pilot over direct estimation method with
random pilot.

5.2. Sea experiment

A sea trial was carried at May, 2023, at Wuyuan Bay, Xiamen, Fujian
Province, China. The distance between the transmitter and receiver was
80 m, and the water depth was about 5 m. The parameter setting of CP-
OFDM was the same as shown in Table 2. Quadrature phase shift keying
(QPSK) modulation and 0.5 rate LDPC channel coding were employed.
During the experiment, 10 bursts of 5 consecutive OFDM symbols were
transmitted and collected.

A typical example of channel impulse response in the sea trial is
presented in Fig. 6. Compared with the pool experimental channel,
the multipath is less in the sea trial, and the delay spread is around
10 ms. The ratio of the delay spread to the symbol duration T is around
0.49. For all the 10 bursts of received OFDM symbols, additional white
Gaussian noise is added to generate an average BER curve in the SNR
range of 2 dB to 8 dB, which is shown in Fig. 7. It can be observed
that the proposed scheme with super-nested structure pilot has better
BER performance than direct estimation with random structure pilot,
and the gain is more obvious as the SNR grows, from which similar
information as shown in Fig. 5 can be observed. At the BER level
of 1073, the proposed scheme obtains about 0.6 dB gain over direct
estimation scheme with random structure pilot.
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Fig. 6. A typical example of channel impulse response in the sea trial.
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Fig. 7. The comparison of BER performances between the proposed scheme and
random structure pilot in sea trial.

6. Conclusion

In this paper, we propose a channel estimation method based on
super-nested structure pilot distribution. By constructing virtual con-
tinuous uniform pilots, estimation of large delay spread sparse channel
can be realized with fewer pilots, which breaks through the limitation
of estimation range caused by the periodicity of conventional uniform
pilot. Furthermore, initial cross correlation between paths is estimated
and canceled out, as well as the SPICE algorithm is utilized to refine the
pilot subcarrier covariance matrix. As a result, the accuracy of channel
estimation is further improved. Simulation, pool and sea experimental
results show that for sparse channels with large delay spread, the
proposed channel estimation method can improve the performance
when compared with conventional schemes.
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