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I. I NTRODUCTION

Underwater acoustic communications (UAC) pose new chal-
lenges to wireless communications research due to the harsh
underwater environments. The acoustic signal is characterized
by low carrier frequency and distance-dependent bandwidth,
which significantly limit the system capacity, especially at long
transmission distances [4]. In addition, the doubly-selective
nature of underwater channels causes error-prone transmis-
sions. Furthermore, the long propagation delay hampers ac-
curate time synchronization [3], [5], [6]. Therefore, efficient
bandwidth utilization and reliable transmission scheme with
relaxed synchronization requirement become a necessity for
UAC. Relay communications have been extensively studied
in terrestrial environments to provide reliable communications
with extended transmission distances. It furnishes a promising
solution for UAC.

In our recent work [1], we have analyzed the relay-aided
(RA-) underwater acoustic communications (UAC) from both
information-theoretic and system design perspectives. Based
on the empirical channel attenuation and noise models [4], we
investigate the capacity for a dual-hop RA-UAC system with
an empirical3dB signal bandwidth. Prominent capacity gain is
achieved by comparing with the traditional direct-link systems.
In addition, to realize the benefits of RA-UAC, we have
proposed a practical and efficient relaying protocol tailored
for UAC: Asynchronous Amplify-and-forward (AF) relaying
with Precoded OFDM (AsAP). This system design addresses
underwater channel difficulties while taking advantage of the
channel characteristics.

However, several issues deserve further investigations in
RA-UAC. From information-theoretic perspective, the maxi-
mum capacity of a system with a frequency-selective channel
is achieved through water-filling power assignment, thus inthis
work, we will investigate the maximum achievable capacity
of our RA-UAC system and the corresponding capacity gain
over the direct-link system. Regarding to the system design,
in OFDM AF relay systems, the relay amplification can be
performed either in frequency-domain or in time-domain, and
the amplification factor can be either fixed or instantaneous.
In this abstract, we will investigate the effect of different
amplification schemes on our AsAP system design.
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Fig. 1. The capacity gain of RA-UAC systems compared with direct-
link systems. The total transmit power isP = 100dB re mPa.

II. CAPACITY ANALYSIS OF RA-UAC
Based on our previous work [1], the equivalent end-to-end

signal-to-noise ratio (SNR) (γeq) is computed as:

γeq(f,D, αP , αD)≈
P(f)/N (f)

A(αDD,f)/αP+A((1−αD)D, f)/(1−αP )
, (1)

where D is the source-destination distance,P(f) is the
transmit power spectrum density; andA(D, f) andN (f) are
the empirical signal attenuation and noise variance [4].αP

andαD are the power allocation ratio and relay location ratio,
respectively.

With this SNR result, the maximum achievable capacityC
for a stationary frequency-selective system can be computed
as [2]:

C = max
P(f):

∫
P(f)df=P

∫

B

log2 (1 + γeq(f)) df, (2)

whereP is the total transmit power. The maximum system
capacity is achieved with water-filling power assignment strat-
egy, which is shown as:

P(f)

P
=

{

1
γ0

− 1
γ(f)

γ(f) ≥ γ0
0 γ(f) < γ0

(3)

whereγ0 is a cutoff value, which satisfies
∫

( 1
γ0

− 1
γ(f))df = 1.

Due to the complex form of attenuation factorsA(D, f), the
analytical results are not tractable, thus we resort to numerical
methods to investigate the system capacity.

We simulate the system capacity for different source-
destination distances. The result shows that the system capac-
ity is strongly distance-dependent, and it decays dramatically



with distance for both the relay system and the direct-link
system. In addition, to quantify the capacity gain of the relay
system over the direct-link system, we plot the capacity gain
in percentage in Fig. 1. This figure reveals that, similar to the
capacity analysis with3dB bandwidth, a prominent capacity
gain is achieved at all distances.

III. A SAP AMPLIFICATION FACTOR

In the AsAP system, AF relaying protocol is implemented.
In our original design [1], the fixed frequency-domain am-
plification (FF) is adopted, and the amplification factorAr

is calculated as:Ar=
√

Pr

PsV sr+Rw

, wherePs and Pr are
the transmit power at the source and the relay, respectively.
V sr and Rw are the frequency-domain channel and noise
variance. This design is adopted to reduce the size of the
cyclic prefix (CP) and to facilitate simple relay process by
avoiding channel estimations. However, with this amplifica-
tion scheme, each relay needs to perform CP removal and
regular OFDM processing before amplification, which can be
energy-consuming. In addition, better error performance can
be achieved with instantaneous amplification according to the
channel state. Therefore, in this work, we will investigate
other amplification schemes: time-domain power-constrained
(TP) amplification and frequency domain amplification with
instantaneous channel information (FI).

A. TP amplification
In this scheme, the relay will evaluate the average power

of the received signal and amplify it to comply with the total
power constraint for each symbol. The amplification factor
is shown as:Ar =

√

Pr/E[yr], whereE[yr] is the average
power of the received symbol.

B. FI amplification
In this scheme, each relay will estimate the source-relay

channel, and amplify the each subcarrier accordingly as:

Ar =

√

Pr

Ps|Hsr|2 +Rw

, (4)

whereHsr is the estimated source-relay channel.

C. Simulation results
In order to investigate the effects of these three amplification

schemes on our AsAP system performance, we simulate
the bit error rate (BER) of these systems. To facilitate our
simulation, we adopt the sparse channel model commonly
used for UAC as in [6]. In this model, each UAC channel
is modeled as a sparse multipath channel withL non-zero
independently Rayleigh distributed delay taps. We simulate
low rate transmissions, where each link is featured with2
non-zero taps. The simulation results for the AsAP systems
with one relay (R = 1) are shown in Fig. 2.

The results reveal that the AsAP systems with all three am-
plification schemes always outperform the direct-link systems.
In addition, among all three amplification schemes, the TP
amplification provides the best performance for the precoded
OFDM relay systems; while the FI amplification shows the
smallest BER for the uncoded OFDM relay system. This is
because that the FI amplification improves the SNR of the
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Fig. 2. The BER performance of the AsAP systems with different
amplification factors and the performance of the direct-link systems.

worse subcarriers by amplifying them with larger factor, thus
the error performance of these subcarriers in uncoded system
will be better. On the other hand, the TP system will amplify
all the subcarrier with the same amount. Thus the worse sub-
carriers will affect the overall system performance. However,
in the precoded systems, several bits on different subcarriers
will be jointly decoded to combat frequency selectivity, thus
the FI amplification provides no benefits. Instead, with the FI
amplification, the large amplification for the worse subcarriers
will possibly introduce large noise to the destination, which
will degrade the system performance.

IV. SUMMARY
In this extended abstract, we analyzed the capacity of

RA-UAC systems with water-filling power assignment. The
result shows that prominent capacity gain is achieved through
relaying. In addition, we introduced two different amplification
schemes for the AsAP RA-UAC system. The BER perfor-
mances of these systems are simulated. The results shows that
the relay systems always outperform the direct-link system.
Besides, the time-domain instantaneous amplification performs
best for the AsAP systems, while the frequency-domain in-
stantaneous amplification provides the best performance for
the uncoded relay systems.
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