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Performance Evaluation of Multicarrier Systems
Applied to Underwater Acoustic Communications
Iandra G. Andrade and Marcello L. R. de Campos

Abstract— In underwater acoustic communications, orthogonal
frequency-division multiplexing (OFDM) is an alternative to
frequency-shift keying (FSK). The key advantage of OFDM
scheme is that it provides a significant increase in transmission
rate. In this paper, we simulate and compare the performance
in terms of bit-error rate (BER) of the OFDM and FSK in
underwater acoustic communications. As an alternative we also
analyze the behavior of single-carrier frequency-division multiplexing (SC-FDM). Lastly, to isolate the consequences of Doppler
effect without masking distortions introduced by multi-path and
the associated equalization procedures, their performances are
also evaluated in the presence of Doppler and additive noise.
Keywords— Underwater communication, OFDM, FSK, SCFDM, Doppler.

I. I NTRODUCTION
In recent years there has been an increasing interest in
underwater communications, essentially in its applications in
military, scientific and civilian fields, including underwater
security surveillance, communications to submarines, marine
research, oceanography, marine commercial operation, the
offshore industry, and exploration by autonomous underwater
vehicles (AUV’s).
A limiting factor of underwater communication is the complexity of the anisotropic medium. Variability of characteristics
such as salinity, temperature and pressure makes the propagation velocity of acoustic waves change. These variations,
together with transmitter and receiver relative motion, may
also induce changes on transmitted signal, which are known
as Doppler effect.
In order to benefit from the relative long range of propagation offered by acoustic waves, one must cope with possibly severe Doppler effect in a time-varying and frequencyselective channel.
Due to the physics of the medium, the useful bandwidth
of the acoustic channel is a few tens of kHz, which makes
high data rates challenging [1]. The desire for high data rate
transmission in underwater communication, despite obstacles,
is one of the motivations of this study.
A possible approach to achieve good spectral efficiency in
underwater acoustic communication is to use a multicarrier
modulation scheme. OFDM is a multicarrier system in which
each subcarrier is chosen to be orthogonal to the others.
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However, drawbacks of OFDM are the high peak-to-average
power ratio (PAPR) and possible hight sensitivity to subcarrier
frequency drift.
A good candidate for the underwater acoustic communication in relatively high data rate is SC-FDM. One prominent
advantage over OFDM is that the SC-FDM signal has lower
PAPR and this characteristic brings benefits to mobile communications in terms of transmit power efficiency.
In this paper we present some relevant analysis and simulation results of FSK, OFDM and SC-FDM systems for
narrowband underwater acoustic communications. Practical
issues such as channel effects, Doppler and multipath are
addressed. The paper is organized as follows. Section II briefly
shows the channel model employed. In Section III FSK is
presented. OFDM and SC-FDM techniques are exposed in
Section IV as well as the PAPR problem of the OFDM system.
The analyses of the simulation results are provided in Section
V. Finally, conclusions are drawn in Section VI.
II. U NDERWATER ACOUSTIC C HANNEL M ODELING
Underwater acoustic channel supports time varying multiple
propagation paths and each path has its time-dependent delay.
Its specific characteristics is sparse echoes with long delay
spreads brought by multiple reflections on sea bottom and
surface [2]. The relative motion between transmitter and
receiver as well as dynamics of the oceans cause Doppler
effect on the received signal. When this effect is not negligible,
it causes the transmitted signal to be dilated or compressed in
time and its frequency band to be shifted, known as Carrier
Frequency Offset (CFO) [3]. In this work Doppler effect was
considered, but constant for all paths.
The channel impulse response model can be represented by
[4]–[7]:
Np
X
Ap δ (t − τp (t)) ,
(1)
h (t) =
p=1

where Ap is the path gain and τp (t) is the time varying delay
associated with the pth path.
τp (t) = τp − ap t,

(2)

τp is the path delay and ap is the Doppler scaling factor defined
as the ratio among the relative velocity and the velocity of the
medium [5], [8]:
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vt − vr
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The path delay τp was assumed to be constant throughout
the transmission. Furthermore, Doppler scaling factor was the
same for all paths, hence we can represent ap as a. Supposing
that the major Doppler effect is caused by the transmitting and
receiving motion, these assumptions are acceptable [9].
III. FSK S YSTEM FOR U NDERWATER ACOUSTIC
C OMMUNICATIONS
FSK is a digital modulation that maps information through
discrete changes on carrier frequency. Each different symbol
is mapped in a different carrier, therefore, the number of
transmitted symbols is directly proportional to the number
of available carriers. Lastly, the transmitter inserts a zero
sequence at the beginning of each block to make a guard time
(Tg ) and prevent interference between successive transmitted
blocks.
At the receiver side, the guard time is removed, a DFT
is performed in each received symbol and so the energy of
this symbol is calculated in order to estimate the transmitted
symbol. Other noncoherent detection schemes can be used.
Figure 1 illustrates a typical, and much simple FSK system
diagram. In FSK, carriers may be more spaced than in OFDM,
which may render increased robustness to Doppler effect.

Add
zeros

FSK

R
Fig. 1.

Channel

Block diagram of an FSK system.

IV. OFDM

AND

SC-FDM FOR U NDERWATER ACOUSTIC
C OMMUNICATIONS

In this section, both transmitter and receiver structures of
the SC-FDM and OFDM are compared in underwater acoustic
scenario.
A. OFDM
The simplified block diagram of a typical OFDM system
[10] is shown in Figure 2. In underwater, the OFDM signal is
usually narrowband because of the low carrier frequency. The
math model developed was based on this diagram.

MOD

Subcarrier
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N
IFFT

CP in
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resulting in S d [k] = DS [k].
When all sub-carriers are used, D can be implemented
as the identity matrix I N and (N = M ). After the subcarrier mapping, the mapped frequency domain sequence is
transformed back into complex time domain via an N -point
inverse discrete Fourier transform (IDFT) denoted by (F −1
N ),
resulting in a signal which can be written as follows:
X [n] = F −1
N S d [k] ,

∈ CN ×K .

P/S

Channel

Fig. 2.

Subcarrier
D-mapping

N
FFT

(6)

where T CP is an (N + L) × N matrix, which adds a CP
of length L. At the receiver side signal propagating through
the channel can be modeled as a convolution between the
channel impulse response and the transmitted data block. If
CP is a copy of the last symbols of each block, the discrete
time linear convolution can be converted into a discrete time
circular convolution.
Assuming the channel impulse response as described in
T
[6], i.e., h [n] = [h1 (n) , h2 (n) , . . . , hL (n)] is a multipath channel time invariant during transmission, the received
signal is the sum of echoes caused by the reflections of the
transmitted signal on the sea surface and bottom [11] and can
be expressed as follows:
Ỹ [n] = H [n] X̃ [n] + V [n] ,

(7)

where H [n] is the convolution matrix of the channel and
V [n] is the additive white Gaussian noise (AWGN).
At the receiver side, the CP is removed by an N × (N + L)
matrix RCP . This way, the received signal can be treated
as a circular convolution between the transmitted signal and
channel impulse response.
Y [n] = RCP H [n] X̃ [n] + RCP V [n] .

Equalization

(5)

The last operation performed by the transmitter prior to
transmission is to insert a set of L symbols, referring to
the cyclic prefix (CP) whose length is L, assumed to be
equal to or greater than the channel impulse response length
(L ≥ Lc ), in order to provide a guard time and prevent interblock interference (IBI) due to multi-path propagation. The
signal after CP insertion can be expressed as:
X̃ [n] = T CP X [n] ,

Remove
zeros

FFT

The transmitter of an OFDM system first performs a
digital modulation (MOD), in this case quadrature amplitude modulation (QAM), and than it groups the modulation
symbols into K blocks containing N symbols, i.e., s [k] =
[s1 (k) , s2 (k) . . . , sN (k)]T . The processing is performed in
parallel and all K symbol blocks are grouped into a matrix
S [k] , N × K. According to resource allocation, S [k] is
mapped into N of M available orthogonal sub-carriers. This
process is performed by the allocation matrix D defined by:


0( N −M ×M )
2


IM
D=
(4)
 ∈ RN ×M ,
0( N −M ×M )

(8)

From Equation (6) we have:
CP out

S/P

Y [n] = RCP H [n] T CP X [n] + RCP V [n]
= CX [n] + RCP V [n] ,

Block diagram of an OFDM system.
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where C is the equivalent channel matrix.
In sequence, the received signal is transformed into the
frequency domain via DFT (F N ).
The received frequency domain signal after DFT is:
S r [k] = F N CX [n] + F N RCP V [k] .

(10)

Figure 3 shows the Complementary Cumulative Distribution Function (CCDF) of PAPR for both cases OFDM
and SC-FDM. This function represents the probability that
the PAPR takes values larger than certain threshold PAPR0
(Pr(PAPR>PAPR0 )). We can note that SC-FDM have indeed
lower PAPR than OFDM.

Form Equation (5) we have:

Knowing that the equivalent channel matrix C is circulant,
therefore normal, and any normal matrix can be diagonalized
by a pair of unitary matrices, applying DFT and IDFT as
unitary matrices, we can notice that Λ = F N CF −1
N is an
N × N diagonal matrix whose elements are the channel
frequency response.
After demapping, a frequency equalization is performed.
The association of insertion and removal of cyclic prefix with
DFT and IDFT transforms makes the equalization very simple.
This operation in frequency domain can be accomplished
by a pointwise multiplication of the DFT frequency samples
characterized by a diagonal matrix. For equalization, minimum
mean square error (MMSE) was employed. The equalized
signal can be shown to be:
S w [k] = W S r [k] ,

100

(11)
(12)

(13)

where W ∈ CN ×N is the frequency domain equalizer matrix.
After equalization, symbols can be estimated.
B. Power Efficiency
The peak-to-average power ratio (PAPR) is a performance
measurement that indicates the power efficiency of the transmitter in communication systems [12]. In general, the PAPR of
the s [n] sequence is defined as the ratio between its maximum
instantaneous power and its average power [13], [14] that is:

max |s [n] |2
.
(14)
P AP R (s [n]) = 1 Pp−1
2
p=0 |s [n] |
p
As in wireless transmissions in the air, PAPR is an important
issue in mobile terminals used in underwater communications.
One of the most serious problems of high PAPR of the
transmitted signal is that large peaks may cause serious
degradation in system performance when the signal passes
through a nonlinear amplifier. It means that an amplifier must
have a large linear operating range, which is quite expensive.
The nonlinearity cause in-band distortion which might increase
bit error rate (BER) and out-of-band radiation.
OFDM systems can provide a type of signal that has the
property of having a large variation on the amplitude of
transmitted symbols, which means high PAPR.
In addition to this characteristic OFDM has other vulnerabilities: high sensitivity to frequency offset and vulnerability
to spectral nulls in the channel. Due to these characteristics,
single carrier system (SC-FDM) was analyzed. This analysis
is based on the fact that SC-FDM shows better PAPR characteristics, robustness to spectral nulls and lower sensitivity to
carrier frequency offset than OFDM [12], [14].
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S r [k] = F N CF −1
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Fig. 3. Comparision of complementary cumulative distribuition function
(CCDF) of PAPR for SC-FDM and OFDM for systems with total number
of subcarriers N=32, number of input symbols M=32 and digital modulation
4QAM.

Usually, communication systems employ some type of coding to achieve low bit error. In this case the transmitted data
bits are encoded at the transmitter and decoded at the receiver
to overcome errors. In order to evaluate BER degradation
of the transmitted signal caused by its interaction with the
channel this work did not utilize any type of encoder.

C. SC-FDM
SC-FDM has a lot in common with OFDM. One difference
is a DFT performed on the signal by the transmitter before
the subcarrier mapping.
Data symbols are not directly assigned to each subcarrier.
After the digital modulation the transmitter performs an M point DFT to produce a frequency domain representation of
the input symbols, S [k] = F M S [n], F M is an M × M DFT
matrix. The signal assigned to each subcarrier is actually a
linear combination of all modulated data symbols transmitted
in the same block.
This system divides the bandwidth into multiple sub-carriers
maintaining orthogonality among them, and then maps each of
the M -DFT outputs to one of the N orthogonal sub-carriers
where (N ≥ M ) [12], [15]. This process is performed by the
allocation matrix D, defined in (4). As in OFDM, an N -point
inverse DFT transforms the subcarrier amplitudes to a complex
time domain signal and before transmission a cyclic prefix is
inserted at the beginning of each block.
At the receiver, after removing CP, the signal is transformed
into the frequency domain via DFT and the mapping on the
subcarriers is undone. Still in the frequency domain, such as in
OFDM, an MMSE equalizer was applied. Thus, the equalized
symbols are transformed back into time domain via inverse
DFT and detection takes place in the time domain.
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V. S IMULATION R ESULTS

10-1

10-2

BER

In this section we present experimental results obtained in
computational simulations. The experiments carried out consisted of averaging the outcome of 100 transmission blocks,
through a channel with bandwidth of 5 kHz (5 kHz–10 kHz)
for each system tested. Two Doppler scenarios were tested,
vt − vr = 3 m/s and 5 m/s. We assumed that all paths
had the same Doppler scaling factor and the signal-to-noise
ratio varied from 0 dB to 20 dB. All three systems had the
same spectral efficiency, as follows. For the OFDM N = 32
subcarriers were employed, and for SC-FDM N = 64 but
just 32 were used. The digital modulation employed, 4QAM,
provides 2 bits for each complex symbol resulting in 64 bits
for each block. The FSK symbol has duration of Tblock /16
and carriers 4 bits of information. Therefore there are 64
bits of information for Tblock seconds to all transmitted. All
transmitted symbol blocks had the same duration Tblock .
The simulated channel impulse response was given by an
FIR approximation with Lc = 15 coefficients with gain Ap and
additive white Gaussian noise (AWGN) as the model described
in Section II. We assumed that the transmission of the message
was performed during the channel coherence time, thus we can
assume τp constant during transmission.
An example of a simulated channel impulse response without Doppler effect is shown in Figure 4.
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Fig. 5. Performance of FSK SC-FDM and OFDM systems operating in a
multipath channel.

in terms of BER as a function of SNR. Figure 6 depicts the
obtained results for SC-FDM and OFDM, and Figure 7 for
FSK.
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Fig. 6. Comparison among performances of SC-FDM and OFDM systems
with MMSE equalizer in a multipath channel with Doppler effect.

Impulse response of a time invariant underwater acoustic channel.

The first scenario tested was a transmission in a channel
with 15 paths in presence of AWG noise. The results of our
simulations are presented in Figure 5, where performance can
be evaluated in terms of bit-error rate (BER) as a function of
signal-to-noise ratio (SNR) for all modulation schemes. All the
results presented are averaged values over 1000 independent
runs. The graph shows a better performance of SC-FDM and
FSK then OFDM except when we have high SNR. It is still
possible to note a similar behavior between SC-FDM and FSK
for low SNR.
A second experiment evaluated the performance of the three
schemes for a channel with Doppler and multi-path. The
behavior of all modulation schemes discussed were evaluated

In order to evaluate the behavior of these systems in
presence of Doppler effect, all these simulations do not employ
any type of estimation or Doppler correction.
We can note a severe degradation in performance of the
systems when increasing the Doppler scaling factor. The
degradation is more pronounced when OFDM and SC-FDM
are employed than FSK. For example, FSK can achieve lower
value of BER than SC-FDM and OFDM for the same SNR.
For SNR equal to 20 dB in FSK we can achieve bit error rate
10−3 , whereas in SC-FDM and OFDM just about 10−2 . This
observation is directly related to the fact that these systems
might provide shorter spacing between subcarriers and shorter
symbol duration than FSK.
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SC-FDM suggests potential advantages as long as transceiver
design incorporates modern signal processing techniques to
mitigate the harmful effects the communication channel has
on the integrity of the signal.

100

10-1

BER

R EFERENCES

10-2

FSK a = 5m/s
FSK a = 3m/s
10-3

0

5

10

15

20

SNR [dB]

Fig. 7.
Comparison among performances of FSK systems with MMSE
equalizer in a multipath channel with different Doppler scaling factors.

VI. C ONCLUSIONS
This paper presents a simulation comparison among three
different communication schemes tested in an underwater
acoustic scenario with and without Doppler effect. Orthogonal
frequency division multiplexing (OFDM) and single-carrier
frequency division multiplexing (SC-FDM) were compared to
a more simple system, frequency-shift keying (FSK) without
any Doppler correction.
From the obtained simulation results, we noticed that the
channel effects disrupt the orthogonality among the subcarriers in SC-FDM and OFDM systems and degrade the BER.
In both cases, for a relative velocity vt −vr = 3 m/s and 5 m/s,
we need to introduce some Doppler effect correction technique
to avoid performance degradation.
FSK system is less sensitive to Doppler effect than the
others tested systems, however its effects also can degrade
BER performance.
If low data rate is satisfactory for the application to which
the transmission is intended, we can employ FSK as a simple
solution for transmission.
We also conclude that FSK systems are more efficient in the
presence of Doppler if their carrier separation is greater than in
SC-FDM and OFDM systems which means low data rate. But
if high data rates are needed for underwater communications,
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