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Abstract— Although time-domain oversampling of the received
baseband signal is common for single-carrier transmissions, the
counterpart of frequency-domain oversampling is rarely used for
multicarrier transmissions. In this paper, we explore frequency-
domain oversampling to improve the system performance of
zero-padded OFDM transmissions over underwater acoustic
channels with large Doppler spread. We use a signal design that
enables separate sparse channel estimation and data detection,
rendering a low complexity receiver. Based on both simulation
and experimental results, we observe that the receiver with
frequency-domain oversampling outperforms the conventional
one considerably in channels with moderate and large Doppler
spreads, and the gain increases as the Doppler spread increases.
Although a raised-cosine pulse-shaping window can be used to
improve the system performance relative to a rectangular window
at the expense of data rate reduction, the performance gain is
much less than that brought by frequency-domain oversampling
in the considered OFDM system for Doppler spread channels.

Index Terms— OFDM, zero-padding, inter-carrier interfer-
ence, Doppler spread, frequency-domain oversampling.

I. I NTRODUCTION

Recently, zero-padded (ZP) orthogonal frequency division
multiplexing (OFDM) has been extensively investigated for
high data rate underwater acoustic communications [1]–[3].
Following Doppler shift compensation and an overlap-adding
operation, fast-Fourier transform (FFT) is performed on the
received block to obtain frequency-domain samples, that are
used for subsequent channel estimation and data detection
[1]–[3]. However, overlap-adding operation incurs information
loss: it folds a received block that is a linear convolution of the
input and the channel, into ashorter block that corresponds to
a circular convolution of the input and the channel. This fact
has been recognized in [4], and other forms of receivers have
been developed to improve the system performance.

In this paper, we investigate the use of frequency-domain
oversampling for ZP-OFDM to improve the system perfor-
mance over underwater acoustic channels with large Doppler
spread. At the outset, this paper distinguishes itself from[4]
in the following aspects: (i) The receivers in [4] are based
on a time-invariant channel, while this paper considers time-
varying channels with large Doppler spread; (ii) The receivers
in [4] assume perfect channel knowledge, while this paper
deals with both channel estimation and data detection; (iii) The
performance results in [4] are based on simulations only, where
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the block sizes are much smaller than typical values used in
practical systems. This paper validates the system performance
using real data collected from field experiments.

We use the OFDM signals in [5] designed for underwater
channels with large Doppler spread. In addition to the rect-
angular pulse-shaping window, we also include raised-cosine
windows in our transmitter design. We develop a receiver with
frequency-domain oversampling, using compressive sensing
techniques for sparse channel estimation and MMSE equal-
ization for data detection. We evaluate the performance of the
proposed receiver using both simulation and real data collected
from the SPACE08 experiment , held off the coast of Martha’s
Vineyard, Massachusetts, 2008, and the WHOI09 experiment,
held in the Buzzards Bay, Massachusetts, 2009. Simulation
results show that frequency-domain oversampling improves
the system performance considerably, and the performance
gain increases as the channel Doppler spread increases. Exper-
imental results verify the benefits of frequency-domain over-
sampling, achieving similar performance with fewer phones
than the receiver without oversampling. Interestingly, although
a raised-cosine pulse-shaping window can improve the system
performance relative to a rectangular window, the performance
gain is much less than that brought by frequency-domain
oversampling in the considered OFDM system, despite the fact
that a raised-cosine pulse-shaping incurs a data rate reduction.

Note that the time-domain oversampling is commonly used
for single-carrier transmissions [6]. Its dual, the frequency-
domain oversampling, is rarely used for multicarrrier trans-
missions. So far, we are only aware of [7], where it is used
for blind carrier-frequency-offset recovery, and [8], where it
is used to exploit the multipath diversity of time-invariant and
narrowband channels in wireless communications.

The rest of the paper is as follows. The system model is
introduced in Section II. The proposed transmitter and receiver
designs are presented in Section III. Numerical simulations are
given in Section IV and experimental results are collected in
Sections V and VI. We conclude in Section VII.

Notation: Bold upper-case and lower-case letters denote
matrices and column vectors, respectively;(·)T , (·)∗, and
(·)H denote transpose, conjugate, and Hermitian transpose,
respectively.IN stands for an identity matrix with sizeN .

II. SYSTEM MODEL AND MOTIVATION

Zero-padded OFDM with a rectangular pulse-shaping win-
dow has been used in [1]–[3]. In this paper, we extend the
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Fig. 1. Illustration of the transmitted and received signals in the time domain.

system formulation to include a raised-cosine pulse-shaping
window. WithT denoting the symbol duration, andβ denoting
the roll-off factor, the raised-cosine window is [6]
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whose Fourier transform is

G(f) =
sin(πfT )
πfT

· cos(πβfT )
1− 4β2f2T 2

e−jπf(1+β)T . (2)

Whenβ = 0, g(t) in (1) reduces to the rectangular window.
With the symbol duration ofT , the subcarrier spacing is

1/T , and the subcarriers are located at the frequencies

fk = fc + k/T, k = −K/2, . . . ,K/2− 1, (3)

wherefc is the center frequency andK is the total number
of subcarriers. DefineSA andSN as the non-overlapping sets
of active and null subcarriers respectively, which satisfySA ∪
SN = {−K/2, . . . ,K/2−1}. Let s[k] denote the information
symbol on thekth subcarrier. The transmitted passband signal
is

x̃(t) = 2Re

(
∑

k∈SA

s[k]ej2πfktg(t)

)

, t ∈ [0, T ′] , (4)

whereT
′

= (1 + β)T + Tg is the ZP-OFDM block duration
accounting for a zero guard time of lengthTg; see Fig. 1 for
an illustration. The Fourier transform of̃x(t) for f > 0 is

X̃(f) =
∑

k∈SA

s[k]G (f − fk) . (5)

Assume that the channel consists ofNp discrete paths

h(τ ; t) =

Np∑

p=1

Ap(t)δ (τ − τp(t)) , (6)

whereAp(t) and τp(t) are the amplitude and delay of the
pth path. Within one OFDM block, we assume that (i) the
amplitude does not changeAp(t) ≈ Ap, and (ii) the path
delay can be approximated as

τp(t) ≈ τp − apt,

whereτp is the initial delay andap is the Doppler rate of the
pth path. As such, the received passband signal is

ỹ(t) =

Np∑

p=1

Apx̃((1 + ap)t− τp) + ñ(t), (7)

whereñ(t) is the additive noise.
As described in [1], [3], the receiver first performs a re-

sampling operation on the received passband signal to remove
the dominant Doppler effect, leading tõz(t) = ỹ (t/(1 + â))
where (1 + â) is the resampling factor. After downshifting,
the baseband signalz(t) is often sampled at the baseband rate
K∆f , and hence the sampling interval isT/K. Since null
subcarriers are placed at the edges of the signal band, this
sampling rate does not incur any information loss. For each
ZP-OFDM block, a total of

K ′ := (1 + β)K + (Tg/T )K (8)

time-domain samples are obtained, which contain all useful
information about the current block.

The receivers in [1], [3] first compensate a mean Doppler
shift (sayε Hz) on the baseband sequence, and then perform
the FFT operation after overlap-adding. The FFT output on
the kth subcarrier can be expressed as

z[k] = Z (k/T + ε) = Z̃(fk + ε) (9)

= Ỹ ((1 + â)(fk + ε)) , k = −K/2, . . . ,K/2− 1

whereZ(f), Z̃(f), and Ỹ (f) are the Fourier transforms of
z(t), z̃(t), and ỹ(t), respectively. Channel estimation and
symbol detection in [1], [3] are performed based on theK

frequency-domain samples{z[k]}K/2−1
k=−K/2 .

Obviously, the receivers in [1], [3] have not utilized all
the information available for each ZP-OFDM block: only
K frequently-domain samples are retained while there are
K ′ > K time-domain samples. In this paper, we investigate
the benefit of frequency-domain oversampling in the context
of underwater acoustic communication systems, and verify it
using data collected from real experiments.

III. T HE PROPOSEDTRANSCEIVERDESIGN

We rely on the signal design in [5], where the data subcarri-
ers are separated from the pilot subcarriers by at least two null
subcarriers. This way, the inter-carrier interference (ICI) from
direct neighbors can be explicitly considered at the receiver, so
that good system performance can be achieved in underwater
channels with large Doppler spread.

Specifically, subcarriers are divided intoK/8 groups, with
each group containing 8 subcarriers in the following pattern:

[
0 P 0 0 D D D 0

]
, (10)
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Fig. 2. The subcarrier index and illustration of oversampling with α = 2.

whereP and D denote a pilot symbol and a data symbol,
respectively. The illustration is shown in Fig. 2. For thegth
group, the index for the pilot subcarrier ispg = −K/2+8g+1,
and the indexes for the data subcarriers areig − 1, ig, ig + 1
whereig = −K/2 + 8g + 4. Some subcarrier groups on the
edge of the signal band are turned off.

A. Receiver Model

We next present the channel input-output relationship for the
signal design in Fig. 2. Using frequency-domain oversampling
with an oversampling factorα, anαK-point FFT operation is
performed after padding{αK − K ′} zeros to the baseband
signal after Doppler shift compensation. Therefore, a total of
αK frequency measurements are obtained. Define

f̌m′ = fc +
m′

αT
, m′ = −αK/2, . . . , αK/2− 1. (11)

The measurementz[m′] on the frequency̌fm′ can be related
to z(t) as

z[m′] =
1

T

∫ (1+β)T+Tg

0

z(t)e−j2πεtej2π
m′

αT
tdt. (12)

Substituting (4) and (7) into (12) yields,

z[m′] =

Np∑

p=1

[

A′
pe

−j2π(f̌m′+ε)τ ′

p

(
∑

k∈SA

%
(p)
m′,ks[k]

)]

+ v[m′],

(13)
wherev[m′] is the additive noise and,

A′
p =

Ap

1 + bp
, τ ′p =

τp
1 + bp

, bp =
ap − â

1 + â
,

%
(p)
m′,k = G

(

f̌m′ − fk +
ε− bpf̌m′

1 + bp

)

.

We can rewrite (13) as

z[m′] =
∑

k∈SA

Hm′,ks[k] + v[m′], (14)

wherek ∈ {−K/2, . . . ,K/2−1} is the subcarrier index,m′ ∈
{−αK/2, . . . , αK/2 − 1} is the index for the FFT outputs,
and

Hm′,k =

Np∑

p=1

A′
pe

−j2π(f̌m′+ε)τ ′

p%
(p)
m′,k. (15)

B. Sparse Channel Estimation

Based on the assumption that the ICI beyond the direct
subcarrier neighbors can be neglected, the receiver draws the
following 2α + 1 frequency-domain samples for each pilot
symbol transmitted:

z[m′] = Hm′,pg
s[pg] + v[m′], (16)

wherem′ = α(pg−1), . . . , α(pg+1). The channel’s frequency
response estimate at frequencyf̌m′ is measured aŝHm′,pg

=
z[m′]/s[pg]. Corresponding toK/8 pilot subcarriers, a total
of (2α+ 1)K/8 channel measurements can be collected.

Using compressive sensing techniques, the receiver explores
the sparse nature of the underwater acoustic channel and
jointly estimate the complex gain, the Doppler scale, and the
delay {A′

p, bp, τ
′
p} corresponding toNp discrete paths; see

[3] for more details. The channel coefficients needed for data
detection are then reconstructed using (15).

C. MMSE Channel Equalization

Channel equalization is applied on each group
separately. For thegth group with three data symbols
s[ig−1], s[ig], s[ig+1], the related channel outputs are:










z[α(ig − 2)]
...

z[αig]
...

z[α(ig + 2)]











︸ ︷︷ ︸

:=zg

=











v[α(ig − 2)]
...

v[αig]
...

v[α(ig + 2)]











︸ ︷︷ ︸

:=vg

+ (17)











Hα(ig−2),(ig−1) 0 0
...

...
...

Hαig ,(ig−1) Hαig ,ig Hαig ,(ig+1)

...
...

...
0 0 Hα(ig+2),(ig+1)











︸ ︷︷ ︸

:=Hg





s[ig − 1]
s[ig]

s[ig + 1]





︸ ︷︷ ︸

:=dg

The vectorzg is of length 4α + 1. With α = 1 in the
conventional receiver,5 measurements are used to decode 3
symbols, while an oversampling factor ofα = 2 leads to 9
available measurements to decode 3 symbols.

The output of the MMSE equalizer is

d̂g =

(

H
H
g Hg +

N0

Es
I3

)−1

H
H
g zg, (18)

whereEs is the symbol energy andN0 is the noise covari-
ance in the frequency-domain. Note that in (18), we have
approximated the noise to be white. The noise color can be
incorporated in our future work. Alternatively, one can pad
αK − K ′ noise samples rather than zeros for theαK-point
FFT operation, so that the noise is white.
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Fig. 3. Simulated BLER performance,σv = 0.10 m/s
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Fig. 4. Simulated BLER performance,σv = 0.25 m/s

IV. N UMERICAL SIMULATION

The sparse channel consists of10 discrete paths, where the
inter-arrival time follows an exponential distribution with a
mean of 0.5 ms. The amplitudes are Rayleigh distributed with
the average power decreasing exponentially with the delay,
where the difference between the beginning and the end of
the guard time of13.1 ms is20 dB. The Doppler rate of each
path is drawn from a zero mean Gaussian distribution with the
standard deviation ofσvfc/c, whereσv denotes the standard
deviation of the platform velocity, andc is the sound speed
in water being set to1500 m/s. Hence, the maximum possible
Doppler is about

√
3σvfc/c.

The ZP-OFDM signal parameters are tailored according to
the setting of the SPACE08 experiment in Table I, with the
only exception ofTg = 13.1 ms. The subcarrier allocation
in Fig. 2 is adopted. Out of theM = K/8 = 128 groups,
8 groups on each edge of the signal band are turned off for
the band protection, while the pilot subcarriers therein are still
used to carry pilot symbols. Hence, there are|SP | = 128 pilot
subcarriers and|SD| = 384 data subcarriers in total. The data
symbols are encoded with a rate-1/2 nonbinary LDPC code
[9] and modulated with a 16-QAM constellation, which leads
to a data rateR as:

R =
1

2

|SD| · log216
(1 + β)T + Tg

. (19)

For raised-cosine windows withβ = 0, 1/16, 1/8, the overall
data rates areR = 6.5, 6.2, 5.9 kb/s, respectively.

Fig. 3 and Fig. 4 depict the block-error-rate (BLER) per-
formance of the receivers with or without frequency-domain
oversampling using different windows, withσv = 0.10 m/s
and σv = 0.25 m/s, respectively. A total of 2000 Monte
Carlo runs are used. With the conventional sampling method,
the BLER performance of the raised-cosine window is better
than that of the rectangular window, and the performance
gap improves as the roll-off factor increases. However, with
frequency-domain oversampling, the performance gap between
the two types of windows becomes very small. Compared
with the windowing operation, the performance gain of the
frequency-domain oversampling receiver is more pronounced,
especially in the scenario with large velocity deviation.

V. SPACE08 EXPERIMENTAL RESULTS

This experiment was held off the coast of Martha’s Vine-
yard, Massachusetts, from Oct. 14 to Nov. 1, 2008. The water
depth was about 15 meters. Among all the six receivers, we
only consider the data collected by three receivers, labeled
as S1, S3, S5, which were 60 m, 200 m, and 1000 m away
from the transmitter. Each receiver array consists of twelve
hydrophones. During the experiment, two storm cycles showed
up, one around Julian date 297 and the other around Julian date
300. The latter storm was more severe. We only consider the
data recorded from Julian dates 299-301, the days around the
second storm cycle. For each day, there are ten recorded files,
each consisting of twenty OFDM blocks. Parameter settings
of this experiment are summarized in Table I.

TABLE I

OFDM PARAMETERS IN SIMULATION AND SPACE08 EXPERIMENT.

fc 13 kHz
B 9.77 kHz
K 1024
T 104.86 ms

∆f := 1/T 9.54 Hz
Tg 24.6 ms

A. BLER performance with stationary receivers

Due to the mild Doppler effect, the resampling operation is
not performed. With a 16-QAM constellation and a rate-1/2
nonbinary LDPC code, the BLER performance averaged over
Julian dates 299-301 by combining an increasing number of
phones is shown in Fig. 5. Compared with the conventional
sampling, frequency-domain oversampling helps to achieve
similar performance with less number of phones. Obviously,
more frequency-domain observations leads to better channel
estimation and symbol detection performance.

B. BLER performance with moving receivers

With the same transmitter, additional data were recorded by
an 8-element array, towed by a vehicle moving at the speed
of about 1 m/s. Four runs of data were collected, each with
twenty OFDM blocks. The estimated resampling factor for
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each run is[1.0006, 0.9991, 0.99913, 1.0001], corresponding
to a moving speed[0.85, 1.3, 1.35, 0.15] m/s, respectively.
The BLER performance of the conventional sampling method
and the frequency oversampling method are shown in Fig. 6,
where the resmapling operation was not applied for the data
pre-processing as we would like to compare these two methods
in a scenario with large Doppler spreads. In such a scenario,
the performance improvement due to frequency oversampling
is more significant.

VI. WHOI09 EXPERIMENTAL RESULTS

This experiment was carried out in the Buzzards Bay, Mas-
sachusetts, from Dec. 07 to Dec. 08, 2009. The water depth
was about 15 meters. Two buoy-based receivers were deployed
at 1000 m and 2000 m away from the transmitter, each with
4 hydrophones. There were three transmissions in total, each
consisting of 15 OFDM blocks using the rectangular window,
15 blocks using a raised-cosine window withβ = 1/16,
and the other 15 blocks using a raised-cosine window with
β = 1/8. The ZP-OFDM parameters are:fc = 31 kHz,
B = 10 kHz, K = 1024, T = 102.4 ms, andTg = 24 ms.

Due to the calm environment and large input SNR, most
received blocks can be decoded with just one phone, hence,
the performance difference between different settings is hard
to tell. To enlarge the difference, the received signal is decoded
without the Doppler shift compensation step [1]. We here only
consider the signal received at the buoy2000 meters away
from the transmitter. The number of decoded blocks in error
out of the total 45 blocks are shown in Table II, with 16 QAM
constellation and rate-1/2 nonbinary LDPC coding [9]. The
benefit of frequency-domain oversampling is evident.

VII. C ONCLUSION

In this paper, we presented a zero-padded OFDM transceiver
design with rectangular and raised-cosine pulse-shaping win-
dows for underwater acoustic communications. Numerical
and experimental results demonstrated that frequency-domain
oversampling improves the system performance considerably,
and the gain becomes larger as the channel Doppler spread
increases. A raised-cosine pulse-shaping window can improve
the performance relative to a rectangular window, however,the

TABLE II

THE NUMBER OF DECODED BLOCKS IN ERROR OUT OF45 BLOCKS;

WITHOUT DOPPLER SHIFT COMPENSATION

# of Phones Rect. RC (1/16) RC (1/8)
Without 1 10 11 6

oversampling 2 1 0 1
3 0 0 0

With 1 0 0 0
oversampling 2 0 0 0

3 0 0 0

performance gain is much less than that brought by frequency-
domain oversampling in the considered OFDM system dealing
with underwater channels with large Doppler spread.
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