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Abstract—In this paper, we apply the amplify-and-forward
relay technique to simultaneously increase the range and data
rate of underwater acoustic communication by dividing the
channel between transmitter and receiver into two hops. Due
to the application of the relay node, the delay spread of the
effective transmitter-relay-receiver multipath channel is longer
than that of the direct transmitter-receiver channel, which
increases the complexity of channel equalization at the receiver.
To reduce the computational complexity of channel equalization,
a fractionally-spaced frequency domain equalizer (FS-FDE) is
designed in this paper. Simulation results illustrate that compared
with the direct path communication, significant bit-error-rate
performance improvement can be achieved through using relay
technique in underwater acoustic communication.

Index Terms—Underwater acoustic communication, amplify-
and-forward relay, equalization.

I. INTRODUCTION

Digital communication through underwater acoustic (UA)
channels is very challenging due to severe signal degradation
caused by harsh underwater channels, where the absorption
loss of acoustic wave increases with distance and the carrier
frequency. Signals transmitted through UA channels whose
characteristics vary with time are also subject to severe fading
and strong multipath interference.

Multipath reflections depend on the channel geometry and
the frequency of transmitted signals. Thus, acoustic wave
propagation in shallow water is much different from the one in
deep water. In fact, the intersymbol interference (ISI) span of
the shallow water UA channel is longer than that of the deep
water channel. In addition, the absorption loss of acoustic wave
increases with distance and frequency, resulting in reduction
of available bandwidth in long range communication [1]. For
example, the bandwidth available for UA communication over
10 km is 10 kHz, and it reduces to 1 kHz for a transmission
range of 100 km.

To address these difficulties, recent researches focus on
techniques such as signal design and transceiver structure
design which are two main approaches received most of
interests. The focus of signal design methods is to improve
the system bandwidth efficiency through, for example, phase-

coherent modulation/detection methods. Systems implemented
based on these methods can achieve up to 2 kbps over long
range channels and up to 40 kbps over shallow water medium-
range channels [2].

On the other hand, transceiver structure design approaches
such as array processing [3] and cooperative communication
[4]- [6] have not received much attention until recently, partic-
ularly with cooperative communication. By relaying signals at
intermediate terminals between source and destination, coop-
erative communication technique improves total network chan-
nel capacities as well as reduces required transmission power.
Cooperative communication scheme also exploits diversity
characteristics of channels by combining signals propagated
through different hops.

In this paper, we investigate a cooperative UA communica-
tion system consisting of a source, a destination, and a relay,
and compare its performance with the direct source-destination
communication system. Due to the application of the relay
node, the delay spread of the effective transmitter-relay-
receiver multipath channel is longer than that of the direct
transmitter-receiver channel, which increases the complexity
of channel equalization at the receiver. To reduce the com-
putational complexity of channel equalization, a fractionally-
spaced frequency domain equalizer (FS-FDE) [7] is designed
in this paper.

We study the bit-error-rate (BER) performance of a sin-
gle relay two-hop cooperative UA communication system
with a fractionally-spaced linear minimum mean-squared er-
ror frequency domain equalizer (LMMSE-FDE). Numerical
simulations are carried out with real at-sea channel mea-
surement data, and different over-sampling factors are used
for performance comparison. Simulation results show that
compared with the direct path communication, significant BER
performance improvement can be achieved through using relay
technique in UA communication.

This paper is organized as follows. Section II introduces the
signal model and the single relay cooperative communication
scheme. Section III describes the fractionally-spaced LMMSE-
FDE. Simulation results are shown and discussed in Section



IV. Section V presents the conclusions. Throughout this paper,
scalar quantities are denoted with lower or upper case normal
letters, vectors are denoted with bold-faced lower case letters,
and matrices are denoted with bold-faced upper case letters.
Superscripts “∗”, “𝑇 ”, “𝐻” and “−1” denote complex conju-
gate, transpose, conjugate transpose and inverse, respectively.

II. SYSTEM MODEL

In this paper, a simplest two-hop relay network with three
nodes is considered, where node S (source) sends information
to node D (destination) with the aid of node R (relay) as shown
in Fig. 1. We denote h𝑠𝑟 ≜ [ℎ𝑠𝑟(0), ⋅ ⋅ ⋅ , ℎ𝑠𝑟(𝐿𝑠𝑟 − 1)]

𝑇 ,
h𝑠𝑑 ≜ [ℎ𝑠𝑑(0), ⋅ ⋅ ⋅ , ℎ𝑠𝑑(𝐿𝑠𝑑 − 1)]

𝑇 , and h𝑟𝑑 ≜
[ℎ𝑟𝑑(0), ⋅ ⋅ ⋅ , ℎ𝑟𝑑(𝐿𝑟𝑑 − 1)]

𝑇 as the source-relay, source-
destination and relay-destination channel multipath profiles
with length of 𝐿𝑠𝑟, 𝐿𝑠𝑑 and 𝐿𝑟𝑑 respectively. The transmission
is conducted in two hops: first hop from source S to both relay
R and destination D, second hop from relay R to destination
D. At the relay, received signals from source are amplified
before being forwarded to destination. The amplification
coefficient is determined based on the transmission power
constraint at the relay. We assume that source and relay have
the same transmission power.

𝑆

Source

𝑅

Relay

𝐷

Destination

h𝑠𝑟 h𝑟𝑑

h𝑠𝑑

Fig. 1: A three-node two-hop communication system.

Fig. 2 illustrates the system block diagram. Signals are
transmitted from source to destination via two different chan-
nels: direct path via source-destination channel h𝑠𝑑(𝑖), 𝑖 =
0, 1, ..., 𝐿𝑠𝑑 − 1 and relayed path via source-relay, h𝑠𝑟(𝑖), 𝑖 =
0, 1, ..., 𝐿𝑠𝑟 − 1, and relay-destination channels h𝑟𝑑(𝑖), 𝑖 =
0, 1, ..., 𝐿𝑟𝑑 − 1 . v𝑑(𝑛) and v𝑟(𝑛) are additive noises at the
destination and relay, respectively. Furthermore, 𝐴𝑟 denotes
the coefficient of the amplify-and-forward relay.
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Fig. 2: System block diagram.

In the first hop, a block of 𝑁 symbols x(𝑛), 𝑛 =
0, 1, ..., 𝑁 − 1 is transmitted from source to relay via h𝑠𝑟(𝑖)
channel and to destination via h𝑠𝑑(𝑖) channel. The signals

received at relay y𝑠𝑟(𝑛) and destination y𝑠𝑑(𝑛) can be written
as

𝑦𝑠𝑟(𝑛) =
√

𝑃𝑜

𝐿𝑠𝑟−1∑
𝑖=0

ℎ𝑠𝑟(𝑖)𝑥(𝑛− 𝑖) + 𝑣𝑟(𝑛) (1)

𝑦𝑠𝑑(𝑛) =
√

𝑃𝑜

𝐿𝑠𝑑−1∑
𝑖=0

ℎ𝑠𝑑(𝑖)𝑥(𝑛− 𝑖) + 𝑣𝑑(𝑛) (2)

where P𝑜 is the transmission power of the source. In the
second hop, the received signal block from source is amplified
with coefficient A𝑟 before being forwarded to destination. The
received signal at destination in the second hop can be modeled
as

𝑦𝑟𝑑(𝑛) = 𝐴𝑟

𝐿𝑟𝑑−1∑
𝑖=0

ℎ𝑟𝑑(𝑖)𝑦𝑠𝑟(𝑛− 𝑖) + 𝑣𝑑(𝑛) (3)

where the amplification gain A𝑟 of the relay is calculated as

𝐴𝑟 =

√√√√⎷ 𝑃𝑟

𝑃𝑜

𝐿𝑠𝑟−1∑
𝑖=0

ℎ𝑠𝑟(𝑖)ℎ∗
𝑠𝑟(𝑖)

(4)

where 𝑃𝑟 is the transmission power of the relay.
The overall received signals at the destination are the

combination of signals through the direct source-destination
channel y𝑠𝑑, and signals through the relay y𝑟𝑑 as shown in
Fig. 2, which can be written as

𝑦(𝑛) =
𝐿−1∑
𝑖=0

ℎ(𝑖)𝑥(𝑛− 𝑖) + 𝑣(𝑛) (5)

where
ℎ(𝑘) = 𝐴𝑟

𝐿−1∑
𝑖=0

ℎ𝑟𝑑(𝑖)ℎ𝑠𝑟(𝑘 − 𝑖) + ℎ𝑠𝑑(𝑘) (6)

is the equivalent complex channel between source and desti-
nation, and

𝑣(𝑛) = 𝑣𝑑(𝑛) +𝐴𝑟

𝐿𝑟𝑑−1∑
𝑖=0

ℎ𝑟𝑑(𝑖)𝑣𝑟(𝑛− 𝑖) (7)

is the equivalent additive noise at the destination.

III. FRACTIONALLY-SPACED FREQUENCY DOMAIN

LINEAR EQUALIZATION

The transmitter and receiver structures are illustrated in
Fig. 3. At the transmitter, modulated symbols are divided into
blocks with length of N/m, where 𝑚 is the up-sampling factor.
Each block is sampled at the rate of m/T, where T is the
symbol period, before being appended with a cyclic prefix of
length L. The cyclic prefix for each block is the repetition
of last L symbols of the block to form a transmitted data
block [8]. The transmitted signal is distorted by the equivalent
channel ℎ(𝑖) and corrupted by additive noise 𝑣(𝑛) as in (5).
The received signal is then passed through receiver filter g
before removing the cyclic prefix. Each block of received
signal after removing cyclic prefix can be written as

r = Hx + v (8)
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Fig. 3: Transceiver structure.

where r = [r(0), ..., r(𝑁 − 1)]
𝑇 , x = [x(0), ..., x(𝑁 − 1)]

𝑇

and v = [v(0), ..., v(𝑁 − 1)]
𝑇 , H is a circulant matrix with

first column equal to the impulse response of the equivalent
channel in (6), and it has the eigenvalue decomposition of

H = F𝐻ΛF (9)

where F(𝑖, 𝑗) = 1/
√
𝑁𝑒−𝑗2𝜋𝑖𝑗/𝑁 , 0 ≤ 𝑖, 𝑗 ≤ 𝑁 − 1 is

the normalized discrete Fourier transform (DFT) matrix and
Λ is a diagonal matrix whose (𝑘, 𝑘)-th element is 𝜆𝑘 =
𝐿−1∑
𝑖=0

ℎ(𝑖)𝑒−𝑗2𝜋𝑘𝑖/𝑁 . The signal vector r is then transferred to

the frequency domain as

r̂ = Fr

= FF𝐻ΛFx + Fv

= Λx̂ + v̂ (10)

where x̂ ≜ Fx and v̂ ≜ Fv are the signal vector and noise
vector in the frequency domain, respectively.

The 𝑁 -point DFT output r̂ is processing by a linear filter
as

𝜽 = Wr̂ (11)

where the weight matrix W can be obtained from the minimum
mean square error (MMSE) criterion [7] as

W =

(
Λ𝐻Ω−1Λ+

1

𝑃𝑜
I
)−1

Λ𝐻Ω−1. (12)

Here I stands for an identity matrix, Ω = 𝔼

{
v̂v̂𝐻

}
is the

correlation matrix of received noise samples with the (𝑖, 𝑗)-th

element given by Ω(𝑖, 𝑗) = 1/𝑁
𝑁−1∑
𝑘=0

𝑣(𝑘)𝑣∗(𝑘 − 𝑖 + 𝑗). The

equalized symbols are then transferred back to time domain
through inverse DFT before being decimated with the factor
of m.

IV. SIMULATION RESULTS

The system is setup with a source-relay distance of 498
meters and a source-destination distance of 935 meters at
depth of 15 meters. The delay power spectrum for the source-
relay channel is plotted in Fig. 4 and the source-destination

channel’s profile is shown in Fig. 5. The channel profile of
the relay-destination hop is similar to that of the source-relay
hop. The channel measurement was conducted in April 2012
in the Indian Ocean off Cottesloe, Western Australia in shallow
water.
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Fig. 4: Delay power spectrum for 498m transmission at
337 degree heading.
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Fig. 5: Delay power spectrum for 935m transmission at
337 degree heading.



Equivalent channel h in (6) has the delay power spectrum
plotted in Fig. 6. Both source and relay transmit with unit
power. Modulation method is QPSK and square-root raised-
cosine filter with roll-off factor of 0.22 is used. The 1024-point
FFT and IFFT are used for the FDE. The carrier frequency is
12 kHz and the data rate is 5 kHz.
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Fig. 6: Delay power spectrum for equivalent channel
with relay.

The simulated BER performance of communication through
relayed channel versus direct path communication is plotted in
Fig. 7. For comparison, the performance of theoretical AWGN
channel is also plotted. For a fair comparison, in the direct
communication system, the source transmits with twice the
power of that in the relayed transmission case. It can be clearly
seen from Fig. 7 that relay-aided transmission performs better
than direct path communication. In particular at a BER of
10−3, it gains about 2dB in SNR with 𝑚 = 8.
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Fig. 7: Performance of relay-aided UA communication
versus direct path communication.

The performance of fractionally-spaced FDE in relay-aided

channel is plotted in Fig. 8. Symbol-spaced equalizer with
𝑚 = 2 and fractionally-spaced equalizers with 𝑚 = 4 and
𝑚 = 8 are simulated. It can be clearly seen that fractionally-
spaced FDE significantly improves the BER performance
compared with the conventional symbol-spaced equalizer. The
gains at BER=10−3 in SNR compared to equalizer with 𝑚 = 2
are about 2.1dB and 5dB for the equalizers with 𝑚 = 4 and
𝑚 = 8 respectively.
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Fig. 8: Performance of fractionally-spaced FDE.

V. CONCLUSION

With the aid of the relay and the fractionally-spaced FDE,
the performance of the UA communication system is signif-
icantly improved compared with the conventional equalizer
in non-cooperative communication scheme. In this paper, a
two-hop relay system is evaluated by simulation to show that
better performance can be achieved in comparison with non-
cooperative system.
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