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Abstract—This paper investigates the time-domain oversam-
pled cyclic-prefix orthogonal frequency division multiplexing
(CP-OFDM) system for communication over doubly-selective un-
derwater acoustic channels. Channel estimation is based on two
different time-varying channel models. One is the basis expansion
model (BEM), the other is the Doppler-rate model (DRM). Ex-
ploiting the sparsity of underwater acoustic channels, orthogonal
matching pursuit (OMP) is employed to obtain the time-varying
channel state information (CSI). The receiver operates without
any prior knowledge of the statistics of the CSI, as this information
usually is unavailable for underwater acoustic channels. Channel
estimation error and bit error rate (BER) performance of the
system are demonstrated through numerical simulations. Results
show that the oversampled CP-OFDM achieves significant gains
over the conventional symbol-rate sampled system.

Index Terms—Channel estimation, orthogonal frequency divi-
sion multiplexing (OFDM), oversampling, underwater acoustic
communication.

I. INTRODUCTION

UNDERWATER acoustic channels, usually characterized
as doubly-selective (time and frequency selective) chan-

nels, are extremely challenging [1]. Orthogonal frequency di-
vision multiplexing (OFDM) has been widely investigated to
implement reliable high data rate communication in underwater
channels [1]–[5].

Conventionally, symbol-rate sampling is employed at the
receiver and very limited works can be found on fractional sam-
pling for OFDM systems, as opposed to single carrier systems
[6]. Recently, the work in [7] showed that time-domain over-
sampling of OFDM can achieve potential multipath diversity in
quasi-static fading channels. In [5], time-domain oversampling
is employed on multi-input multi-output communications in
quasi-static underwater acoustic channels. The work in [8]
extended time-domain oversampling for OFDM system in
doubly-selective channels, showing that both Doppler diversity
and multipath diversity can be obtained. However, the result
was based on the assumption that perfect time-varying channel
state information (CSI) is available.
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This paper investigates time-domain oversampling in OFDM
communication systems for time-varying underwater acoustic
channels, without the assumption that perfect CSI is available.
Two different time-varying models are considered for chan-
nel estimation at receiver: one is the basis expansion model
(BEM) [9]–[11], the other is Doppler-rate model (DRM) [2].
Additionally, we adopt orthogonal matching pursuit (OMP)
[2], [12] to explore the sparsity of the underwater acoustic
channels i.e. the most channel energy is concentrated on a
few time delay and/or Doppler spread values. Linear minimum
mean square error (LMMSE) equalization is implemented for
data-symbol recovery and signal-to-noise ratio (SNR) is also
estimated at receiver location. Bit error rate (BER) performance
of the proposed time-domain oversampled receiver is evaluated
through numerical simulations with appealing results in com-
parison to the conventional symbol-rate sampled receiver. The
main contribution of the letter is to propose a practical receiver
for underwater communications which is able to exploit time-
domain oversampling and channel sparsity.

The rest of paper is organized as follows. The system model
is presented in Section II. Section III describes the channel
estimator and the equalizer. Section IV presents the simulation
results and Section V provides some concluding remarks.

Notation: Upper-case (resp. lower-case) bold letters repre-
sent matrices (resp. column vectors) with [A]n,m (resp. an)
denoting the (n,m)th (resp. nth) entry of A (resp. a); E(·),
(·)T and (·)H denote expectation, transpose and Hermitian
transpose operators, respectively, ⊗ is the Kronecker product,
δ(t) denotes the Dirac delta function; F represents normalized
Fourier matrix and ã = Fa denotes the FFT of a; diag(a)
denotes a diagonal matrix with a on the main diagonal; (a)P
denotes a column vector with entries of a corresponding to the
indices from the set P; 1p is a p× 1 column vector with all the
elements being 1 and I denotes the identity matrix; â denotes
the estimate of a.

II. SYSTEM MODEL

A block of data with N symbols, s = [s0, · · · , sN−1]
T ,

are modulated on N subcarriers, generating N time-domain
symbols as v[n] = 1√

N

∑N−1
k=0 ske

j2πkn
N . To avoid inter-block

interference, a cyclic prefix (CP) with length of Ncp is inserted
in the beginning of each data block. After CP insertion, the time
domain symbols are passed through a pulse shaping filter and
modulated to the carrier frequency fc. The baseband transmit-
ted signal is

∑N−1
n=−Ncp

v[n]p(t− nTs), where p(t) is the pulse
shaping filter and Ts represents the symbol time.

1558-2558 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



1082 IEEE COMMUNICATIONS LETTERS, VOL. 19, NO. 6, JUNE 2015

A. BEM-Based Time-Domain Oversampled Signal Model

At receiver side, the received signal is first downconverted
and sampled with the period T = Ts/G. The case G = 1
corresponds to the conventional OFDM receiver, while G > 1
represents oversampling. Therefore, the discrete-time model for
the received signal can be written as

yn =
L−1∑
l=0

h[n, l]xn−l + wn (1)

where h[n, l] is the discrete-time time-varying channel impulse
response (CIR) with T spacing, w[n] is the zero-mean white
Gaussian noise with variance σ2, and xn is defined as

xn =

{
s
[
n
G

]
if n

G is integer

0 else.
(2)

The time-varying channel tap with fixed delay at l is modelled
by Q—order BEM as

h[n, l] =

Q−1∑
q=0

bq,lvn[q], (3)

where vn[q] is the qth order base function and bq,l is the corre-
sponding model coefficient. After CP removal, by replacing (3)
into (1), we get

y =

Q−1∑
q=0

diag (v[q])B[q]x+w (4)

where B[q] is a circulant matrix whose first column is
[bq,0, bq,1, · · · bq,L−1, 0, · · · 0]T . Applying FFT on (4), we have

ỹ =

Q−1∑
q=0

Δ[q]FB[q]FHs+ w̃ (5)

where Δ[q] = Fdiag(v[q])FH is a circulant matrix and s =
1G ⊗ s is an expanded vector taking into account oversampling.
In our work, we use the discrete prolate spheroidal BEM
(DPS-BEM) since the DPS-BEM does not require any prior
information about channel statistics and can avoid the spectral
leakage and Gibbs phenomenon in complex exponential BEM
[10], [11]. Moreover, the method also works with other BEMs.

B. DRM-Based Time-Domain Oversampled Signal Model

DRM assumes the underwater acoustic channel is composed
of distinguish paths with time-variant delays and time-invariant
path gains. Therefore, the continuous-time CIR (excluding the
pulse shaping filter) is modelled as in [2]

c(t, τ) =

Lp−1∑
p=0

Apδ(τ − τp + apt), (6)

where Lp is the number of paths and Ap, τp and ap denote gain,
delay and Doppler rate of the pth path, respectively. C(t, f) de-
notes the corresponding time-variant transfer function. There-

fore, the received signal, after CP removal, downconversion and
carrier frequency offset (CFO) compensation, can be written as

y(t) =

fc+
GB
2∫

fc−GB
2

C(t, f)ej2πftU(f − fc)e
−j2π(fc+ε)tdf + w(t)

=

Lp−1∑
p=0

GB
2∫

−GB
2

ApU(f)ej2π[(f−ε)t−(fc+f)(τp−apt)]df + w(t)

(7)

where ε denotes the CFO,B=1/Ts andU(f)=V (f)P (f).V (f)
is the discrete time Fourier transform of v[n] and P (f) denotes
the continuous frequency spectrum of the pulse shaping filter.
In practice, P (f) would be dependent on the power amplifier,
transducer, and ocean propagation environment, therefore, we
assume P (f) = 1, f ∈

[
−GB

2
GB
2

]
in this paper for ease of

computation. Performing CP-OFDM demodulation, we have

ỹm =

Tb∫
0

y(t)e
−j2π m

Tb
t
dt

=

Lp−1∑
p=0

GN
2∑

k=−GN
2

Apγp[k]skΓp[m, k]βp[m, k] + w̃m (8)

where

Γp[m, k] = sinc (π(fk(1 + ap)− fm − ε)Tb) , (9)

βp[m, k] = e−jπ(fk(1+ap)−fm−ε)Tb , (10)
γp[k] = e−j2πfkτp . (11)

Also, fk = fc +
k
Tb

with k = −GN
2 · · · GN

2 . The integration in
(8) is realized by FFT in practical implementation.

III. CHANNEL ESTIMATION AND EQUALIZATION

A. Channel Estimation

For channel estimation, we can represent both (5) and (8) in
the form y = Uξ + ω where y denotes the received signals at
pilot subcarriers, ξ collects the unknown model parameters and
U is a known model-dependent matrix.

More specifically, for BEM based model, it is straightforward
to get ξ=[b0,0 · · · bQ−1,L−1]

T andU=[(Δ[0]diag(f1)s)P , · · · ,
(Δ[Q− 1]diag(fL)s)P ], where fl is the lth column of matrix F.

For the DRM based receiver, we follow the method in [2]
to construct U and ξ. We define the overparameterized 2-D
dictionary {a, τ} over an Na ×Nτ grid as

a ∈ {−amax,−amax +Δa, · · · , amax}, (12)

τ ∈ {0, Tb

λN
, · · · , τmax}, (13)

where Δa and Tb/λN represent steps along delay axis and
Doppler-rate axis respectively, then ξ=[A1,1 · · ·ANa,Nτ

]T and

U = [(Φ[1]Ξ[1]s)P , · · · , (Φ[Na]Ξ[Nτ ]s)P ] . (14)

Matrix Φ[p] has entries as

[Φ[p]]m,k = Γp[m, k]βp[m, k], (15)

and Ξ[p] = diag (γp[1], · · · , γp[Nτ ]).
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Since the underwater acoustic channel often exhibits sparsity,
we can use compressed sensing technique to explore the chan-
nel sparsity. In this paper, the OMP algorithm [12] is employed.
The OMP searching process stops when a pre-defined iteration
number M is reached. For the DPS-BEM model, the channel
sparsity often exists only in the delay domain. Therefore, we
use the 1-D search for the DPS-BEM model and the searching
criteria in the sth iteration of the OMP algorithm is modified as

i = argmax
i∈Es

iQ∑
j=(i−1)Q+1

‖UH
j y(s)‖
‖Uj‖

, (16)

where Uj is the jth column of matrix U, y(s) is the remaining
vector after (s− 1)th iteration and Es represents the searching
subset in the sth iteration.

Once the estimation of ξ is performed, we can construct the
estimate of channel matrix as

Ĥ =

Q−1∑
q=0

L∑
l=1

b̂q,lΔqdiag(fl) (17)

for the DPS-BEM-based receiver, and

Ĥ =

Na∑
i=1

Nτ∑
j=1

Âi,jΦ[i]Ξ[j] (18)

for the DRM-based receiver.

B. Equalizer

With the estimated channel matrix Ĥ, the received signal can
be written as

ỹ = Ĥs+ ω, (19)

where ω is the equivalent noise including the system noise, ICI
and the model error. Eq. (19) can be further written as

ỹ = Ĥs+ ω, (20)

where Ĥ = ĤIG and IG = 1G ⊗ I, from which it is apparent
that the oversampled system could be regarded as a single-
input multiple-output communication system. We use LMMSE
equalizer to obtain the symbol estimation as

ŝ =
(
Ĥ

H
Ĥ+ σ2

0I
)−1

Ĥ
H
ỹ (21)

where σ2
0 is the variance of the equivalent noise (ω) which is

approximated white Gaussian, and is estimated by averaging
the signal power in the null sub-carriers as in [4].

IV. SIMULATION RESULTS

Numerical simulations refer to a six-path channel with path
amplitudes drawn from Rayleigh distribution. Path gains de-
crease exponentially with the difference between the first path
and the last path being 6 dB. Path delays are randomly dis-
tributed with maximum delay spread equal to 25 ms and the
minimum time difference between two paths being 0.25 ms.
Doppler-rate coefficients are drawn from zero-mean uniform
distribution with standard velocity deviation δv = 0.05 m/s, i.e.
the ratio between the maximum Doppler spread and subcarrier
spacing is approximately 33%. The equivalent baseband time-
varying CIRs are generated following the method in VirTEX

TABLE I
CP-OFDM SYSTEM SETTING

underwater acoustic channel simulator [13]. The CP-OFDM
system setup is listed in Table I. The source bits are encoded
by the convolutional code with the generator [2335]8, and a
random interleaver is applied. The total subcarriers are divided
into Ng = N/8 groups. The pilot pattern for each group is
[0 P 0 D D D D D], where P and D represent pilot and
data, respectively. Two scenarios are considered: (i) only pilot,
(ii) pilot and data. In the former case, the receiver performs
channel estimation by using only the received signal at pilot lo-
cations, while in the latter case both pilot and data locations are
exploited with full knowledge of transmitted symbols assumed.
These two cases represent the performance of an iterative
receiver during the first and the last iteration. Moreover, the
convergence of the iterative receiver is highly dependent on the
performance of the first iteration and the performance in case
(ii) can be regarded as the upper-bound of the iterative receiver.
The raised cosine pulse with roll-off factor α = 1 is used as
pulse shaping filter and oversampling factor G = 2 is employed
in simulations.

At the receiver side, the Bahl-Cocke-Jelinek-Raviv algorithm
[14] is utilized for decoding. Also, CFO compensation is im-
plemented by using the approach in [1]. The 2-D dictionary for
DRM based channel estimator is constructed using Δa=1e−5,
λ=2 in the oversampled case and Δa=1e−5, λ=1 in the
symbol-rate sampled case. The iteration number for the OMP
channel estimator is set to M=36 for the oversampled case and
M=24 for the symbol rate sampled case. The parameters are
chosen heuristically, while M in oversampled system should
be larger than the symbol rate sampled receiver since the over-
sampled receiver has a finer grid to search. For the DPS based
channel estimator, the maximum Doppler-spread frequency is
chosen to be fDmax

=0.3 Hz and the DPS-BEM model order
is selected to be 3. Simulations with larger Doppler-spread
frequency and higher model order have been run, showing
performance degradation due to the channel estimation problem
becomes highly underdetermined. The iteration number in the
OMP algorithm is selected as M=18 for the oversampled case
and M=12 for the symbol rate sampled case. The simulation is
focused on investigating the impacts of oversampling on system
performance.

Fig. 1 shows the normalized mean square error (NMSE)
performance of the channel estimator, defined as

εh =

E

{∣∣∣h(n, l)− ĥ(n, l)
∣∣∣2}

E
{
|h(n, l)|2

} (22)

In the view of NMSE, the difference between the oversampled
receiver and the symbol rate sampled receiver is small for DRM
based receiver when only pilots are used for channel estimation.
In the DPS-BEM based receiver, the oversampled receiver
achieves lower NMSE than the symbol rate sampled receiver.
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Fig. 1. NMSE performance for channel estimation.

Fig. 2. BER performance of CP-OFDM system.

As for scenario (ii), the gain of the oversampled receiver over the
symbol rate sampled receiver with respect to NMSE is increased.

Fig. 2 shows the BER performance for both the symbol rate
sampled receiver and the oversampled receiver. Performance
in the case of perfect CSI available at the receiver (including
knowledge of the noise variance) is presented as benchmark
for comparison. In scenario (i), as for the uncoded BER perfor-
mance, the oversampled receiver achieves significant gain over
the symbol rate sampled receiver. The BER for the oversampled
receiver decreases more quickly than the symbol rate sampled
receiver. The oversampled receiver also has a much lower error
floor, as a result of inter carrier interference, as compared to
the symbol rate sampled receiver. As for the coded BER perfor-
mance, the oversampled receiver achieves a gain around 5 dB
at the BER level of 10−3. Moreover, the oversampled receiver
tends to achieve a much lower error floor than the symbol rate
sampled receiver in the coded system. The BER for the coded
oversampled receiver is below 10−4 when SNR is higher than
14 dB, while the BER for the coded symbol rate receiver is
still above 10−4 when SNR is at 30 dB. It is also shown that
the oversampled receiver achieves better performance than the

symbol rate sampled receiver. Besides, the performance loss
from the perfect CSI case is negligible in the case of coded
systems while more significant in the case of uncoded systems.
In simulation, the DRM achieves better performance than DPS
in the coded system. But a deeper analysis between the two
models requires extensive comparison under various system
settings and experiments in real sea environment, and is out of
the scope of this letter.

V. CONCLUSION

A time-domain oversampled OFDM system for communi-
cation over doubly-selective underwater acoustic channel is
investigated. Two channel estimation methods, based on two
widely-used time-varying channel models (i.e. DPS-BEM and
DRM), are extended for oversampled OFDM system. The
sparse channel estimation algorithm OMP is implemented.
The performance of time domain oversampled CP-OFDM is
verified through numerical simulations. Both the NMSE of
the channel estimator and the system BER performance are
presented. The BER performance shows that the oversampled
receiver could achieve better performance in both coded sit-
uation and uncoded situation. In the coded CP-OFDM, the
oversampled receiver obtains around 5 dB gain over the symbol
rate receiver at the BER level of 10−3.
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