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ABSTRACT
In this paper, we study the performance of orthogonal

frequency division multiplexing (OFDM) over underwater
acoustic multipath channels with different Doppler scales
on different paths. We first derive an exact inter-carrier-
interference (ICI) expression after incorporating the com-
pensation of nonuniform Doppler shifts across OFDM sub-
carriers. Based on the assumption that the residual ICI is
dominantly from immediate neighbors, we suggest a practi-
cal design that divides subcarriers into groups, where each
group of eight subcarriers consists of three contiguous data
subcarriers, one pilot subcarrier, and five carefully spaced
null subcarriers. We use the orthogonal matching pursuit
(OMP) algorithm for sparse channel estimation that identifies
distinct physical paths with different Doppler scales. Sys-
tem performance is evaluated using data recorded from the
GLINT08 and SPACE08 experiments. Relative to the re-
ceiver that ignores the residual ICI, we observe that explicitly
suppressing the residual ICI induced by Doppler spread leads
to improved performance for the SPACE08 data, while not
for the GLINT08 data.

Index Terms— Underwater acoustic communication,
OFDM, Doppler spread, sparse channel estimation

1. INTRODUCTION

Underwater acoustic (UWA) channels exhibit long delay
spreads and significant Doppler effects due to sea-surface
motion and internal waves [1]. In general, the signals arriving
from different propagation paths will be scaled differently
due to different path variation rates. However, the receiver
designs of [2, 3, 4] for multicarrier modulation over UWA
channels are based on the assumption that all paths have
similar Doppler scales. Inter-carrier-interference (ICI) was
ignored for data demodulation after proper compensation of
nonuniform Doppler shifts on OFDM subcarriers [2, 3].

Explicitly accounting for ICI caused by Doppler spread
could further improve the system performance. Various ap-
proaches have been pursued in e.g., [5, 6, 7] based on a basis
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expansion model (BEM) for time-varying channels such that
ICI is limited to neighboring subcarriers.

In this paper, we first derive an exact ICI expression for
zero-padded (ZP) OFDM signals received over a UWA chan-
nel with different Doppler scales on different paths, wherethe
effect of the two-step compensation of nonuniform Doppler
shifts across OFDM subcarriers [3] is also included. We then
assume that the residual ICI is limited to immediate neigh-
bors and present a practical ZP-OFDM design that leads to
decoupled low-complexity channel estimation and demodula-
tion. Using channel outputs on and around the pilot subcarri-
ers, the orthogonal matching pursuit (OMP) algorithm [8, 9]
is used for sparse channel estimation that identifies distinct
paths with different Doppler scales.

Based on data collected in the GLINT08 and SPACE08
experiments, we compare the system performance using two
receivers, one explicitly considering the residual ICI dueto
Doppler spread, and the other of [3] that ignores residual
ICI. We observe that explicitly considering the residual ICI
does not improve performance in the GLINT08 data, and
hence the approach in [3] is adequate for the UWA chan-
nels in this experiment. On the other hand, the performance
in the SPACE08 data benefits considerably from explicitly
suppressing the residual ICI, which reveals the potential
of receiver design tailored for channels with large Doppler
spread.

The rest of this paper is organized as follows, in Section 2
we derive our signal model, in Section 3 we present our pro-
posed design, detailing signal design, channel estimationand
data demodulation, in Sections 4 and 5 we evaluate the perfor-
mance based on experimental data, and we conclude in Sec-
tion 6.

2. SYSTEM MODEL

2.1. ZP-OFDM

Let T denote the symbol duration andTg the guard interval
for the zero-padded (ZP) OFDM. The total OFDM block du-
ration isT ′ = T + Tg and the subcarrier spacing is1/T . The
kth subcarrier is at frequency

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



wherefc is the carrier frequency andK subcarriers are used
so that the bandwidth isB = K/T . Let s[k] denote the infor-
mation symbol to be transmitted on thekth subcarrier. The
non-overlapping sets of active subcarriersSA and null sub-
carriersSN satisfySA ∪ SN = {−K/2, . . . , K/2 − 1}. The
transmitted signal in passband is given by

x̃(t) = Re

{[

∑

k∈SA

s[k]ej2π k
T

tq(t)

]

ej2πfct

}

,

t ∈ [0, T + Tg], (2)

whereq(t) describes the zero-padding operation, i.e.,

q(t) =

{

1 t ∈ [0, T ],

0 otherwise.
(3)

2.2. Channel Model

The time-varying UWA channel can be described as

c(τ, t) =
∑

p

Ap(t)δ (τ − τp(t)) . (4)

Within a block of interest, each path delay can be associated
with one Doppler scale factor as,

τp(t) = τp − apt, (5)

and the path amplitudes are assumed constant within one
OFDM blockAp(t) ≈ Ap. Furthermore we assume that the
UWA channel can be well approximated byNp dominant
discrete paths. Hence, the channel model can be simplified to

c(τ, t) =

Np
∑

p=1

Apδ (τ − [τp − apt]) . (6)

Due to the adopted channel model, the received passband sig-
nal is

ỹ(t) = Re

{

Np
∑

p=1

[

∑

k∈SA

s[k]ej2π k
T

(t+apt−τp)

× q(t + apt − τp)

]

Ape
j2πfc(t+apt−τp)

}

+ ñ(t), (7)

whereñ(t) is the additive noise.

2.3. Receiver Processing

A two-step approach to mitigating the channel Doppler effect
was proposed in [3].

1. The first step is to resamplẽy(t) in the passband with a
resampling factor̂a, leading to

z̃(t) = ỹ

(

t

1 + â

)

. (8)

2. The second step is to perform fine Doppler shift com-
pensation onz(t) to obtainz(t)e−j2πεt, whereε is the
estimated Doppler shift. The energy on null subcarriers
is used to search for the best estimate ofε [3].

To simplify notation, we define the new residual Doppler rates
and scaled delays

1 + bp = 1 +

(

ap − â

1 + â

)

=
1 + ap

1 + â
, (9)

τ ′
p =

τp

1 + bp

. (10)

Converting to baseband, we obtainz(t)

z(t) =

Np
∑

p=1

ej2πbpfct
∑

k∈SA

s[k]ej2π(1+bp) k
T

t

×
[

Ape
−j2πfkτp q

(

(1 + bp)(t − τ ′
p)

)]

+ n(t). (11)

Performing ZP-OFDM demodulation, the outputzm on the
mth subchannel is

zm =
1

T

∫ T+Tg

0

z(t)e−j2πεte−j2π m
T

tdt. (12)

Plugging inz(t) and carrying out the integration, we simplify
zm to

zm =

Np
∑

p=1

Ape
−j2π(fm+ε)τ ′

p

∑

k∈SA

%
(p)
m,ks[k] + vm, (13)

wherevm is the additive noise and

%
(p)
m,k =

sin
(

πβ
(p)
m,kT

)

πβ
(p)
m,kT

ejπβ
(p)
m,k

T , (14)

β
(p)
m,k = (k − m)

1

T
+

bpfm − ε

1 + bp

. (15)

Define aK × K mixing matrix:

[H]m,k =

NP
∑

p=1

Ape
−j2π(fm+ε)τ ′

p%
(p)
m,k, (16)

a stacked received vectorz, data vectors, and noise vectorv;
with this we can write the following input-output equation:

z = Hs + v. (17)

In case of no Doppler effects,H is a diagonal matrix. When
all the paths have similar Doppler scales, proper choices ofâ
andε can renderH close to diagonal, which is the rational for
the receiver design in [3].
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Fig. 1. The proposed OFDM subcarrier allocation

3. PROPOSED DESIGN

3.1. Signal Design

If the residual Doppler scales after the initial two-step Doppler
compensation are small, i.e.,bpfm − ε � 1/T, ∀m, the off-
diagonal elements ofH will be small. This can include larger
Doppler effects, as long as the Doppler spread is small:

∣

∣

∣
%
(p)
m,m+l

∣

∣

∣
≈

∣

∣

∣

∣

sin (π(bpfmT − ε))

πl

∣

∣

∣

∣

≈

∣

∣

∣

∣

(bpfmT − ε)

l

∣

∣

∣

∣

, ∀l 6= 0,

(18)
We see that for small residual Doppler scales, froml = 1
to l = 2 there is a 3 dB amplitude drop in the coefficients.
Accordingly, we choose to approximateH as a tridiagonal
matrix,

H ≈



















H1,1 H1,2 0 · · · 0

H2,1 H2,2
. . .

...

0
. . .

. . . 0
...

. . . HK−1,K

0 · · · 0 HK,K−1 HK,K



















. (19)

To separate channel estimation and data demodulation,
we suggest a simple design that places two zero subcarri-
ers between pilots and data, see Fig. 1. We therefore de-
fine the transmit vectors to consist ofM = K/8 groups,
s = [sT

1 , . . . , sT
M ]T , where each group consists of one pilot

pm and three data symbolsdm = [dm,1, dm,2, dm,3]
T ,

sm =
[

0 pm 01×2 dT
m 0

]T
. (20)

Note that some groups on the edges of OFDM band could be
turned off.

3.2. Channel Estimation

Since every eighth subcarrier is a pilot we define the index of
all pilots as{im} = {8 · (m − 1) + 1} for m = 1, . . . , M .
Also we define the index of observations next to the pilots as
i±m = im ± 1. Based on the measurements{zim

, zi
+
m

, zi
−

m
}

on and around the pilot subcarriers, we estimate the channel
paths using orthogonal matching pursuit (OMP) [8, 9]. Our
implementation is mostly similar to [8], as it considers multi-
ple Doppler scales but for single carrier transmissions.
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Fig. 2. Due to null subcarriers between pilots and data sym-
bols,H can be decomposed into a block-diagonal structure.

In a nutshell, based on the assumption that there is one ar-
rival p, with a delayτ ′

p and residual Doppler scalebp, we can
calculate what the received valueszim

, zi
+
m

, zi
−

m
would look

like, see (13), and use it to calculate a correlation metric.This
is performed for a grid of potential(τ ′

p, bp) and the highest
value is chosen as the first path. This way, the signal is con-
structed as an iterative superposition of a number of discrete
paths, until the fitting error in relation to the observations falls
below a threshold.

3.3. Data Demodulation

AlthoughK is large, e.g.,K = 1024 in [3], equalization of
(17) is easily possible due to the chosen design. We define the
reduced channel matrixHd as the matrixH using only the
columns corresponding to data symbolsd = [d1, . . . ,dM ]:

Hd =







H1 0

. . .
0 HM






(21)

The matrixHd is a block diagonal matrix consisting ofM
non-zero5 × 3 matrices on the diagonal and zeros otherwise,
see Fig. 2.

Due to the matrix model in (17), the least-squares es-
timates of the data symbols are simply attained using the
pseudo-inverse of the estimated channel matrix,

d̂ =
(

Ĥ
H
d Ĥd

)−1

Ĥ
H
d z, (22)

InvertingH
H
d
Hd amounts toM parallel inversions of3 × 3

matrices due to the block diagonal structure.
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Fig. 3. Performance results for the GLINT08 data, QPSK.

4. EXPERIMENTAL RESULTS: GLINT08

Data from the GLINT experiment was collected from a drift-
ing transmitter ship (moving at a speed from anywhere be-
tween 0.5 and 2 knots) positioned on an average distance of
1 km from the receiver, in the area around Pianosa, just south
of Elba, off the coast of Italy. We focus on the data collected
on three days, the 25th, 26th, and 27th of July, each of which
contains five transmissions of 30 OFDM blocks per transmis-
sion (15 containing QPSK, 15 containing 16-QAM).

The center frequency wasfc = 25 kHz and the band-
width wasB = 7.8125 kHz. The sampling rate wasfs =
250 kHz. The number of subcarriers isK = 1024, which
leads to subcarrier spacing ofB/K = 7.6294 Hz and sym-
bol duration ofT = 131.1 ms. The guard time was set as
Tg = 25 ms. A rate-1/2 nonbinary LDPC channel code [10]
was used to map336 information symbols to672 coded sym-
bols. The achieved data rates after accounting for all over-
heads are 2.15 kb/s and 4.30 kb/s, for QPSK and 16-QAM,
respectively.

Here we compare BER results from two receivers oper-
ating upon the same data; one which employs sparse chan-
nel estimation and equalization (marked in the figures as ‘ICI
considered’) and the other is the conventional receiver in [3]
which ignores ICI (marked in the figures as ‘ICI ignored’). No
resampling operation was necessary, and the same Doppler
shift estimation is applied in both receivers.

We examine uncoded bit-error-rates (BER) and coded
block-error-rates (BLER) for one and two receive elements
using QPSK in the GLINT dataset; see Fig. 3. There is
no noticeable difference between the two receivers. Similar
observations hold true for results with 16-QAM.

For every OFDM block we measure the severity of resid-
ual ICI induced by Doppler spread through computing the ra-
tio between the energy at the pilot-containing subcarriersto
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Fig. 4. The ratio of the energy measured on the pilot sub-
carriers to that measured at the neighboring null subcarriers;
GLINT08 data

the energy at the “left and right” neighbors to those subcarri-
ers. In Fig. 4 we observe that the energy ratio is found to be
mostly between 15 and 20 dB. This shows that the residual
ICI can be ignored and the low-complexity receiver in [3] is
adequate for the channels in this experiment.

5. EXPERIMENTAL RESULTS: SPACE08

The SPACE08 experiment was held off the coast of Martha’s
Vineyard, MA, from Oct. 14 to Nov. 1, 2008. The water
depth was about 15 meters. The transmitter was about 4 me-
ters above the sea floor, while the receiver arrays were about
3.25 meters above the sea floor. The carrier frequency was
fc = 13 kHz, and the bandwidth wasB = 9.76 kHz. The



Doppler [f⋅T]

de
la

y 
[t/

B
]

−2 −1 0 1 2

20

40

60

80

100

120

0 20 40 60 80 100 120
0

10

20

delay [t/B]

am
pl

itu
de

Fig. 5. Plot of (top) correlation metric of a sample SPACE08
channel used in OMP, together with chosen paths (strong am-
plitudes have thick marker); (bottom) correlation metric for
zero Doppler in delay only.

sampling frequency was39.0625 kHz. The number of sub-
carriers wasK = 1024, which leads to a subcarrier spacing
of B/K = 9.54 Hz and a symbol period ofT = 104.88 ms.
The guard time was set asTg = 24.6 ms. A rate 1/2 non-
binary LDPC channel code [10] was used that encodes336
information symbols into672 coded symbols. The achieved
data rates were2.60 kb/s and5.19 kb/s, with QPSK and 16-
QAM constellations, respectively.

We use 17 recorded data sets from Julian dates 290 to
298, where the transmission distance was 60 meters. A sam-
ple channel impulse response from the SPACE08 experiment
is given in Fig. 5. The channel has a strong direct arrival
and two large clusters of multi-path, featuring some Doppler
spread. We can assume that in the delay-only view of the
channel impulse response the direct arrival will be compara-
tively stable over time, while the two subsequent clusters will
fluctuate more rapidly.

We examine the energy ratios of pilot versus neighbor-
ing null subcarriers for the SPACE08 data in Fig. 6. Those
are generally smaller than the counterparts in the GLINT08
data, suggesting more severe ICI effects. In Fig. 7 we plot the
performance on the QPSK modulated data with one or two re-
ceiving phones. Both receivers accomplish error free decod-
ing, but in the uncoded BER we observe some improvement
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Fig. 6. The ratio of the energy measured on the pilot sub-
carriers to that measured at the neighboring null subcarriers;
SPACE08 data

using the receiver explicitly suppressing the residual ICI.
When dealing with the 16-QAM data of the SPACE08 ex-

periment, we use at least two receiving phones to achieve rea-
sonable performance. While the uncoded BER only shows a
typical small improvement for both cases, we see a consid-
erable improvement in the BLER for the receiver explicitly
considering the residual ICI, as shown in Fig. 8.

6. CONCLUSION

We derived an exact ICI expression after Doppler shift com-
pensation on the received ZP-OFDM signals over a time-
varying multi-path channel with different Doppler scales on
different paths. To mitigate the residual ICI, we suggesteda
practical design which allows for decoupled block-by-block
channel estimation and data demodulation. We compared
the performance of a receiver design explicitly considering
ICI based on a tridiagonal channel mixing matrix with that
of a receiver design ignoring the residual ICI. Performance
evaluation was based on data recorded from GLINT08 and
SPACE08 experiments. We found that the receiver explic-
itly suppressing the residual ICI does not lead to noticeable
improvement for the GLINT data. On the other hand, the
SPACE08 data showed considerable performance improve-
ment, often allowing successful decoding with fewer phones.
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Fig. 7. Performance results for the SPACE08 data, QPSK.
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