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The nature of the multipath channel and the peak-to-average power ratio (PAPR) are regarded as the main challenges restricting
the design of a multicarrier reliable underwater acoustic (UWA) communication. This paper proposes a new scheme, precoded
index modulation orthogonal frequency division modulation spread spectrum (IM-OFDM-SS), for UWA communication. The
precoded IM-OFDM-SS is proposed to increase the transmission efficiency and exploit the spreading and multipath diversities
and, at the same time, reduce the PAPR to achieve a reliable communication system. Two different precoders, discrete Hartley
transform (DHT) and discrete cosine transform (DCT), are utilized in the proposed scheme and compared with the
conventional IM-OFDM-SS scheme. Simulation and real experimental results demonstrate the outperformance of the proposed
precoded IM-OFDM-SS in comparison to the conventional benchmarks in terms of PAPR and bit error rate (BER) performance.

1. Introduction

An underwater acoustic (UWA) channel is regarded as one of
the most complicated media in use due to its challenging
effects. The main challenges of UWA channels are represented
by the long-delay effect and doubly selective channel caused by
the oceanic environment [1, 2]. As the receiver, the signal is
superimposed due to the substantial multipath effect causing
a superposition of the signal at the receiver side rising a severe
intersymbol interference (ISI) in the ocean environment.
Therefore, exhaustive processing must be employed at the
receiving end for equalizing and estimating the channel to
ensure the reliability of UWA communication.

As a result, researchers are working hard to establish a
reliable UWA communication with an acceptable data rate
in that environment using two main modulation techniques,
which are single-carrier and multicarrier modulations. On
the one hand, single-carrier modulation was proven to be
capable of dealing with the ISI since the adaptive equalizer
can be employed, e.g., a decision feedback equalizer with a
recursive least squares algorithm [3]. Furthermore, the use
of correcting coding can also provide communication with

better quality [4]. The main drawback of a single-carrier sys-
tem is the high-complexity process required for recovering
the channel’s effects at the receiving end. On the other hand,
multicarrier modulation is presented to avoid that concern;
it can mitigate the delay spread and bandwidth limitation
of the UWA channel with less required processing. A multi-
carrier modulation system is able to recover the channel
using a significantly low-complexity equalizer, but unfortu-
nately, the significant Doppler effect leads to severe intercar-
rier interference (ICI) [5, 6].

Orthogonal frequency division multiplexing (OFDM)
can be considered the finest choice which can effectively
overcome the UWA channel effects. That is due to its ability
to deal with the long multipath spread UWA channel with
low-complex frequency-domain equalization; this means
that, different from signal carrier systems, OFDM does not
require a complicated time-domain equalization [5, 7, 8].
Despite those advantages, OFDM still has a problem with
the high peak-to-average power ratio (PAPR) in UWA com-
munication, limited spectral efficiency, and performance
deterioration in communication systems with harsh chan-
nels [9].
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Consequently, to overcome the OFDM PAPR perfor-
mance and increase its resilience to multipath fading chan-
nels, channel-independent unitary precoders were utilized
in OFDM systems [10]. Intensive research on using different
unitary precoders such as Walsh-Hadamard transforms
(WHT), discrete Hartley transform (DHT) [11], and discrete
cosine transform (DCT) [12, 13] showed that system com-
plexity and PAPR reduction level are mainly determined
by the used unitary precoder.

Recently, the index modulation OFDM (IM-OFDM) was
proposed [14–17] to overcome the intercarrier interference
(ICI) that existed in the conventional OFDM scheme as well
as improve its spectral efficiency. Unlike OFDM, the subcar-
riers in OFDM-IM are classified to be active or idle, where
the data is carried physically by digital modulation via the
active subcarriers and, at the same time, the index of the
active subcarriers conveys additional information bits.
OFDM-IM can provide better BER performance in low-to-
medium data rate systems compared to OFDM. The maxi-
mum likelihood (ML) detector, regarded as an optimal
detector, is employed at the receiver for jointly detecting
the index of active subcarriers and modulated data. Apart
from the high computational complexity of the ML receiver,
the channel estimation error leads to dramatic deterioration
of the performance of the ML decoder [18]. That issue
becomes exhaustive in such untrusted communication sys-
tems like UWA communication. That is because of the
dependence between the detection of data symbols and
active subcarriers. In other words, the erroneous detection
of active subcarriers leads to the incorrect decision of the
data symbols [19]. Therefore, detecting the varied index of
active subcarriers must be guaranteed at the receiving end
by having perfect knowledge on the channel, which is one
of the main difficulties in UWA communication.

On the other hand, the index modulation OFDM spread
spectrum (IM-OFDM-SS) [18] was presented to improve the
diversity gain of OFDM-IM. Unlike OFDM-IM, IM-OFDM-
SS activates all subcarriers to transmit the modulated data
symbols, but it spreads each data symbol across different
subcarriers using a predefined spreading code. Specifically,
the information bits are divided into two parts: one part is
transmitted via the index of that predefined spreading code
and the other part is carried by the spread modulated data
symbols. Therefore, additional diversity is gained as the data
symbols are spread across different subcarriers. Additionally,
the maximal ratio combining (MRC) detector can straight-
forwardly be employed at the receiving end for performing
low-complex detection as well as avoiding the issues of the
ML detector related to the channel estimation susceptibility
[18]. Despite those advantages, IM-OFDM-SS and OFDM-
IM inherit the high PAPR from conventional OFDM
systems.

In order to overcome the PAPR issue of OFDM and har-
vest higher diversity gain, X-transform IM-OFDM-SS has
been presented in [20]. The higher performance of PAPR
in that scheme is acquired by the low-complex X-
transform matrix, composed of the discrete Fourier trans-
form (DFT) matrix and DHT matrix. The channel effects
in that scheme are recovered in the time-domain pseudo-

noise (PN) packet inserted for estimation tasks as well as
guard interval. The enhanced performance provided by X-
transform IM-OFDM-SS can only be guaranteed when con-
sidering the slow-varied UWA channel as the overhead
packets are inserted at the beginning and at the end of each
symbol. Moreover, inserting additional overhead packets
might lead to deteriorating the structure of the X-
transform matrix.

Motivated by those advantages offered by IM-OFDM-SS
and X-transform IM-OFDM-SS, the contribution of this
paper is to propose a new scheme called precoded IM-
OFDM-SS to maximize the efficiency of the limited band-
width of the UWA channel, decrease the higher PAPR,
and suppress the residual ICI. Discrete cosine transform
(DCT) type II and Hartley transform (DHT) are used as a
spreading matrix for the new precoded IM-OFDM-SS.
Unlike X-transform IM-OFDM-SS [20], the proposed
schemes insert the overhead packets in the frequency
domain to track the fast-varied UWA channel effects.
Although the PAPR performance is a little bit deteriorated
compared to our proposed scheme in [20], we believe that
the proposed schemes are environment dependent making
them very attractive for the untrusted UWA communication
systems. Thanks to the precoding and spreading techniques
of the new schemes, the information symbols are distributed
over all new scheme subcarriers; hence, the symbol of a
highly attenuated subcarrier can be recovered from the other
subcarriers. The new precoded IM-OFDM-SS uses the
unequal attenuation effect over the spread subcarrier sym-
bols to avoid the underwater burst error and improve the
UWA communication reliability. The rest of this paper is
structured as follows: the system model, including the trans-
mitter and the receiver of the proposed schemes, is pre-
sented in Section 2. The system performance analysis is
studied in Section 3. Simulation and experimental results
are shown in Section 4, and the conclusion of this paper is
presented in Section 5.

2. System Model

The proposed IM-OFDM-SS structure is shown in Figure 1,
letting the input of the bit splitter be B data bits. The B bits
are divided into G groups, and each group has m bits, m =
B/G. Bit splitter divides bits of each group g ∈ f1,⋯,Gg into

two subgroups PðgÞ
1 and PðgÞ

2 . PðgÞ
1 is transmitted via the index

of the selected spreading code ciðgÞ out of the preconfigured
code set ∁ = fc1,⋯,cng, where iðgÞ ∈ f1,⋯ng is the index of
the g-th group spreading code. The ciðgÞ length is n. The

other subgroup PðgÞ
2 is mapped into the sðgÞ ∈ χ symbol, χ

is any M-ary digital modulation with a unit average power,

and PðgÞ
2 = log2ðMÞ. The modulated constellation symbols

sðgÞ will be spread over the spreading code ciðgÞ selected using

PðgÞ
1 index bits as follows:

xg = x gð Þ
1 ,⋯, x gð Þ

n

h iT
= s gð Þci gð Þ ,1,⋯, s gð Þci gð Þ ,n

h iT
: ð1Þ
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In this paper, to relax the receiver complexity, the max-
imum size of ∁ spreading codes is normally restricted to
be n since it must be mutually orthogonal, and we can con-
sider 5the orthogonal codes of Walsh or Zadoff-Chu (ZC)
[18]. The data symbol vector ½�d�M×1 = ½x1, x2,⋯, xG� is gen-
erated by concatenating xg of all groups, and the total trans-
mitted bits via the new precoded IM-OFDM-SS can be
written as

N =G × log2 nð Þ + log2 Mð Þð Þ: ð2Þ

Unlike the conventional IM-OFDM-SS, the proposed
precoded IM-OFDM-SS multiplies the vector of spread data
symbol �d by a precoding matrix; P resulting in the pre-
coded data symbol noted d, noted byd =P�d. In this
paper, DCT type II and DHT are considered precoding
matricesP,P ∈ℝM×M; the ðr, lÞ entries of DCT and DHT
are given in (3) and (4), respectively. In both cases, the P
matrix is invertible and has a flexible size which can be
any positive integer; its entries have the same magnitude.
Consequently, all IM-OFDM-SS data symbols 5are equally
spread over M with significant diversity gain compared to
the conventional IM-OFDM-SS.

pr,l =

ffiffiffiffiffiffiffi
2
M

r
cos l − 1ð Þ 2l − 1ð Þπ

2M

� �
, r > 1,ffiffiffiffiffiffi

1
M

r
, r = 1,

8>>>><>>>>:
ð3Þ

ρr,l = cos 2πrl
M

� �
+ sin 2πrl

M

� �
: ð4Þ

For channel estimation purposes, pilot tones dP are
multiplexed with the d to estimate the doubly selective
UWA channel. The resulted vector dT ∈ℂN×1 including

data, pilots, and null subcarriers is fed into the OFDM mod-
ulator as the inverse fast Fourier transform (IFFT) is used for
modulating information symbols. Then, the cyclic prefix
(CP) is inserted as a guard interval resulting in the transmit-
ted baseband signal expressed as follows:

s tð Þ = 〠
N/2−1

n=−N/2
dT n½ �ej2πnΔft, ð5Þ

where Δf is the OFDM subcarrier frequency spacing. Then,
the baseband signal transmitted over the UWA channel will
be processed by upconversion including upsampling and
carrier modulation. The underwater channel can be written
as [21]

h t, τð Þ = 〠
L

ρ=1
αρ tð Þδ τ − τρ − βρt

� �� �
, ð6Þ

where αρðtÞ, τρðtÞ, δðtÞ, and βρ denote the time-varying
amplitudes of the path ρ, delays of L multipath components,
Dirac delta function, and Doppler scaling factor (DSF),
respectively. The received passband signal is

y tð Þ = Re 〠
L

ρ=1
αρ 〠

N/2−1

n=−N/2
dT n½ �ej2πnΔf t+βt−τρð Þ:p t + β − τρ

� �" #(
× ej2πf c t+βt−τρð Þo + v tð Þ,

ð7Þ

where vðtÞ ~CN ð0, σ2Þ is the passband additive white
Gaussian noise (AWGN). f c and pðtÞ denote the carrier fre-
quency and pulse shaping filter, respectively. Root-raised
cosine-type pulse shaping filters are used in both the trans-
mitter and the receiver. In (7), each path of the received
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Figure 1: Structure of the UWA precoded IM-OFDM-SS system.
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signal is scaled in ðT ~ T/ð1 + βÞÞ; T is the OFDM symbol
duration. Also, a Doppler shift ej2πβf n t is affecting every sub-
carrier. The frequency-dependent Doppler shift causes a
critical ICI in the UWAC. To mitigate the ICI effect, the
two-step Doppler estimation and compensation in [21] are
adopted in this paper where two low-frequency modulation
(LFM) segments are used as preamble and postamble to
coarsely estimate the DSF at the receiver end. The DSF is
estimated by a cross-correlation between yðtÞ and those
two known segments, preamble and postamble. Cross-
correlation operation will give a signal with two peaks; the
first one is utilized for synchronization. The difference
between first and second cross-correlation peaks is used to
find the length of the received signalB′. By comparing B

′ with the length of transmitted signal lengthB which is
supposed to be known, the DSF can be estimated as

β′ = B

B′ − 1: ð8Þ

The received signal is resampled at the receiving end as
in (7) at ð1 + β′Þf s, where f s is the original sampling fre-
quency used at the transmitter side. The resampled received
signal under a resampling factor β′ is zðtÞ = yðt/ð1 + β′ÞÞ, z
ðtÞ = Re ðzðtÞej2πf ctÞ. Considering ð1 + βÞ/ð1 + β′Þ = 1, zðtÞ
can be expressed as

z tð Þ ≈ ej2πβ−β′/1+β′ f ct

× 〠
N/2−1

n=−N/2
dT n½ �ej2πnΔft × 〠

L

ρ=1
αρe

−j2πfnτρp t − τρ
� �" #( )

+ �v tð Þ,

ð9Þ

where �vðtÞ ~CN ð0, σ2Þ is the AWGN in the baseband. The
expression of the frequency-independent Doppler shift is
given following (9) by

E = β − β′
1 + β′

f c: ð10Þ

The ε term in (10) is called carrier frequency offset
(CFO) when the narrowband is considered. The CFO is esti-
mated by minimizing the null subcarriers’ energy. To
explain the CFO estimation in the precoded IM-OFDM-SS,
we use the null subcarrier of the received data, after resam-
pling each OFDM data block. Assume a vector fn of ðN + L

Þ × 1, where fn = ½1, ej2πn/N ,⋯⋯ , ej2πnðN+L−1Þ/N �T and a ð
N + LÞ × ðN + LÞ diagonal matrix ζðEÞ = diag f½1, ej2πTnE ,
⋯⋯ ⋯ , 1, ej2πTnðN+L−1ÞE �g; E is the residual CFO, and
Tn = T/N is the sample’s duration. The energy of the null
subcarrier whose locations are well known is used as a cost
function, and the CFO can be obtained as

Ê = arg min
E

〠
n∈SN

fHn ζH Eð Þẑ
			 			2( )

: ð11Þ

The collected N + L samples after resampling of each
block are ẑ = ½ẑð0Þ,⋯⋯ ⋯ , ẑðN + L − 1Þ�T . After CFO
estimation and compensation, the signal of the n-th subcar-
rier is given by

ŝ n½ � = fHn ζH Ê
� �

ẑ =H nð Þd̂T n½ � + �vn, ð12Þ

where H =∑L
ρ=1αρe

−j2πf nτρ is the channel frequency
response, �vn is the resulting noise of the n-th subcarrier,
and Hð:Þ is the Hermitian transpose. Using ŝ½n�, channel
estimation is performed based on pilot symbols located as
predefined. Without loss of generality, orthogonal matching
pursuit (OMP) [22] is adopted in this paper for underwater
channel estimation, and the minimum means square error
(MMSE) is used for equalization. After removing the over-
head packets from the MMSE equalizer output, the resultant
signal d̂ ∈ℂM×1 is the received precoded estimated data.
The IM-OFDM-SS demapping extracts the physically trans-
mitted data encapsulated in the index of the spreading code.
First, the dispreading matrix PH is used to extract the

transmitted data symbols b�d (noted by b�d =PHd̂).
The maximum ratio combining (MRC) detector is

employed, as shown in Figure 2, for detecting the received

information bits. Each vectorbx ðgÞ ∈ℂn×1, picked from b�d ,
which is corresponding to the subgroup g, is dispread by
all predefined spreading codes used at the transmitting
end. Thus, the output of the l-th code, l ∈ f1,⋯ng, can be
expressed as follows:

Δl = 〠
n

k=1
x̂ gð Þcl gð Þ ,k: ð13Þ

Therefore, PðgÞ
1 can be found using (13) as follows:

î
gð Þ = arg max

l
Δlj j2: ð14Þ

Finally, the output of dispreading x̂ðgÞ using îðgÞ is corre-
sponding to PðgÞ

2 .

3. Performance Analysis

This section evaluates the proposed precoded IM-OFDM-SS
scheme in terms of pairwise error probability (PEP) and
coding and diversity gains. The conditional PEP of the esti-
mated d̂ data to the transmitted data d is given by

P d⟶
d̂
H

 !
=Q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
HP d − d̂

� �


 


2
2N0

vuut0BB@
1CCA, ð15Þ

where Qð:Þ is the Gaussian tail probability [23]. Using the Q
-function, an alternative form of (15) can be expressed as
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follows [23]:

P d⟶
d̂
H

 !
= 1
π

ðπ/2
0

e
− μ

4N0 sin2∅

� �
d∅, ð16Þ

where μ = kHPðd − d̂Þk2 which can be rewritten as μ =
∑M

i=1σijhij2, σi = jℊiðd − d̂Þj2, and ℊi is the i-th row of P.
The unconditional PEP is given by averaging (16) with
respect to μ as follows:

P d⟶ d̂
� �

= 1
π

ðπ/2
0

ℵμ −
1

4N0 sin2∅

� �
d∅, ð17Þ

where ℵμ is the moment generating function (MGF) of μ.

Due to the channel model, the MGF of Λi = σijhij2 of μ is
ℵΛi

ðtÞ = ð1 − σiφ
2tÞ−1 which

givesℵμðtÞ =
QM

i=1ð1 − σiφ
2tÞ−1. Therefore, (17) can be

expressed as

P d⟶ d̂
� �

= 1
π

ðπ/2
0

YM
i=1

sin2∅
sin2∅+ σiφ

2/4N0ð Þ d∅: ð18Þ

For any precoding matrixP, let us define Γd,d̂ as the car-
dinality of a defined setQd,d̂ = fi ∣ σi ≠ 0g, Γd,d̂ = jQd,d̂j, we
can approximate sin2∅ðsin2∅+ðσiφ2/4N0ÞÞ−1 ≤
ð1 + ðσiφ2/4N0ÞÞ−1 ≈ 4/σi�γ at high signal-to-noise ratios
(SNRs) because 0≤sin2∅≤1. The integrant of (18) can be
approximated as

P d⟶ d̂
� �

≈
�γ/4ð Þ−Γd,d̂

2Qi∈Qd,d̂
σi
: ð19Þ
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Figure 2: MRC detector of the precoded IM-OFDM-SS.
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Therefore, the diversity and coding gains of the precoded
IM-OFDM-SS are, respectively, given by

G ℯ =min
d≠d̂

Γd,d̂ , G c = min
d≠d̂, Γd,d̂=G ℯ

Y
i∈Qd,d̂

σi

0@ 1A:1/Gℯ ð20Þ

Finally, the upper bound BEP can be written based on
Pðd⟶ d̂Þ evaluation using the union bound theory as fol-
lows:

Pb ≤
1

mnMG
〠
d
〠
d̂

℧ d, d̂
� �

�γ/4ð Þ−Γd,d̂

2Qi∈Qd,d̂
σi

: ð21Þ

Moreover, the use of IM-OFDM-SS instead of IM-
OFDM offers additional diversity order since the data of
each subcarrier is spread over many subcarriers. The for-
mula of BER given by IM-OFDM-SS is calculated in [18].

4. Simulation and Experimental Results

The proposed precoded IM-OFDM-SS performance is eval-
uated in terms of BER and PAPR based on simulation and
real experimental underwater channels.

4.1. Simulation Evaluation. For the simulation channel, the
results are obtained over the 105-symbol transmitter over a
statistical underwater channel presented in [24]. The pro-
posed precoded IM-OFDM-SS performances are compared
with those of the conventional UWA-OFDM [21] and IM-
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OFDM-SS ZC.
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OFDM-SS [18]. In this simulation and without loss of gener-
ality, Walsh and ZC codes are used as spreading codes ciðgÞ .

In simulation demonstration, each block con-
tainsN = 1024 with a guard interval of 256. For a fair compar-
ison, all communication schemes have the same system data
rate, T = 0:25ms, and the bandwidth of 5 kHz; f c and f s are
set to be 23kHz and 122.8 kHz, respectively. To guarantee a
similar transmitted rate for all communication schemes, the

binary phase-shift keying (BPSK) is used with the conven-
tional OFDM and the quadrature amplitude modulation
(QAM) is employed for the IM-OFDM-SS and precoded
IM-OFDM-SS atn = 4. Both the transmitter and receiver are
10m below the surface with a 0.2 km distance between them.
The CFO = 0:02 and β = 3e − 4 are used. The RRC filter has
been used at the transmitter and receiver with a roll-off of
0.55. Figure 3 shows the PAPR complementary cumulative
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Figure 9: Constellation plot: (a) DCT-IM-OFDM-SS Walsh; (b) DCT-IM-OFDM-SS ZC; (c) DHT-IM-OFDM-SS Walsh; (d) DHT-IM-
OFDM-SS ZC—pool experiments.

Table 1: Experimental pool results.

No. OFDM
IM-OFDM-SS

Walsh
IM-OFDM-SS

ZC
Proposed DCT

Walsh
Proposed DCT

ZC
Proposed DHT

Walsh
Proposed DHT

ZC

1 0.018 0.020 0.020 0.0038 0.0031 0.0035 0.0031

2 0.0096 0.0072 0.0061 0.0021 0.0022 0.0021 0.0021

3 0.027 0.0041 0.0035 0.0035 0.0035 0.0030 0.0033

4 0.026 0.023 0.022 0.0091 0.009 0.0093 0.0088

5 0.0072 0.0061 0.0065 0.00054 0.00052 0.00053 0.00054

Average 0.0176 0.0121 0.0116 0.0038 0.0037 0.0037 0.0036
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distribution function (CCDF) performance. As shown, the
IM-OFDM-SS when using ciðgÞ Walsh or ZC is suffering from
higher PAPR compared with the conventional OFDM, while
the proposed schemes including both DCT-based precoding
and DHT-based precoding offer about 1.5 dB and 3dB superi-
ority compared with the conventional schemes, respectively.
The low PAPR of the precoded IM-OFDM-SS schemes is
because the precoded schemes overcome the input informa-

tion symbol superposition which forms each OFDM sample.
DHT-based precoding offers better PAPR than DCT-based
precoding. This is because of the similarity of the IFFT and
the DHT where some matrix kernels are canceling each one
another leading to avoiding the superposition of the input data
symbols due to the combined DHT-IFFT [11, 12, 20, 25].
Figures 4 and 5 show the BER performance of precoded
schemes when using ciðgÞ Walsh and ZC, respectively. The
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Figure 10: Constellation plot: (a) DCT-IM-OFDM-SS Walsh; (b) DCT-IM-OFDM-SS ZC; (c) DHT-IM-OFDM-SS Walsh; (d) DHT-IM-
OFDM-SS ZC—shallow-water experiments.

Table 2: Experimental shallow water results.

No. OFDM
IM-OFDM-SS

Walsh
IM-OFDM-SS

ZC
Proposed DCT

Walsh
Proposed DCT

ZC
Proposed DHT

Walsh
Proposed DHT

ZC

1 0.042 0.043 0.042 0.015 0.014 0.021 0.009

2 0.031 0.022 0.026 0.0083 0.0072 0.007 0.008

3 0.061 0.046 0.040 0.0091 0.0098 0.0084 0.0072

4 0.008 0.006 0.01 0.002 0.003 0.001 0.001

5 0.0096 0.0090 0.006 0.0079 0.0068 0.008 0.0085

Average 0.0303 0.0252 0.0248 0.0085 0.0082 0.0076 0.0067
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proposed precoded IM-OFDM-SS in both cases offers more
than 5~10dB compared with IM-OFDM-SS and traditional
UWA-OFDM. The BER improvement in the precoded IM-
OFDM-SS is because of spreading symbol data vectors over
all subcarriers enabling the recovery of highly attenuated sym-
bols from the others which are well received. Both precoded
IM-OFDM-SS using the Walsh code and ZC code achieve
maximum diversity with slight superiority when using the
ZC code due to the large Euclidean distance in ZC code vec-
tors. Moreover, it is worth mentioning here that in low SNR,
below 5dB, there is a slightly small BER gain in the conven-
tional scheme in comparison to the proposed scheme. This
is because the power in the case of the proposed precoded sys-
tem is spread over two transforms instead of a single trans-
form in the case of a conventional scheme, making the
system more susceptible to error in the case of extremely low
SNR. However, this has no impact on the superiority of our
proposed scheme in the practical scenarios as it achieves about
9dB SNR gain at 10-4 BER in comparison to the conventional
IM-OFDM-SS.

4.2. Pool Experimental Results. The proposed scheme’s effec-
tiveness is also evaluated over a UWA real channel. This
experiment was carried out at Xiamen University, where a
pool of size 18m × 5m is used for transmitting a signal
between one transmitting and one receiving hydrophone.
The depth of the transmitter and the receiver is 1.2m
beneath the water’s surface, and 7m distance is separating
them. The transmitted packet is shown in Figure 6, five
packets with ten symbols in each frame have been transmit-
ted with FFT size, guard interval, f c, f s, effective bandwidth,
symbol duration, and data rate being set similar to parame-
ters mentioned above in the case of the simulated channel
Section 4.1. The used structure of the packet to be practically
transmitted is shown in Figure 6 where two LFM segments
are transmitted before and after the packet. Those two seg-
ments are used for synchronization and DSF estimation as
explained in Section 2. A vector of zeros is inserted between
the preamble and data vectors to prevent the inference while
an optional zero vector can be inserted between the data vec-
tor and postamble too. The received data corresponding to
yðtÞ in (6) is shown in Figure 7 including the DHT-based
and DCT-based precoded IM-OFDM-SS for one frame
based on ciðgÞ of Walsh and ZC codes.

In practical real experiments, a cross-correlation
between the received signal and the well-known preamble
and postamble segments is first performed; the first resulted
peak was used for synchronization while the difference
between the first and the second peaks is utilized to evaluate
the DSF as in (8). The output of cross-correlation is shown
in Figure 8. After estimating and compensating the DSF,
the signal shows the output of the correlator between the
preamble and the received signal processed as explained in
Section 2. Figure 9 shows the constellation of the received
signal of the proposed precoded schemes after despreading
the signal following (14). It is worth mentioning that IM-
OFDM-SS is practically evaluated in this paper for underwa-
ter communication for the first time. Precoded IM-OFDM-
SS offers better performance than conventional OFDM and

IM-OFDM-SS schemes in both cases of using the Walsh
and ZC codes. The DHT-based precoded IM-OFDM-SS
scheme slightly outperforms the DCT-based precoded IM-
OFDM-SS scheme. In fact, under a perfect linear communi-
cation system that is completely free of nonlinear devices, all
the aforementioned precoded systems should have the same
diversity degree and ultimately the same BER performance.
However, as the system is not perfectly linear, the DHT pre-
coded IM-OFDM-SS has better BER performance than the
other precoders as it has less PAPR as mentioned above,
and consequently, the interference due to the performance
of the nonlinear device is reduced. The proposed scheme is
compared to the traditional UWA-OFDM in Table 1.

4.3. Shallow Water Experimental Results. The experiment
took place in Xiamen, China, at the port of Xiamen. Five
frames with ten symbols in each frame have been trans-
mitted; the transmitter and receiver are separated by 106
meters, with depth of 5 meters beneath the sea surface.
FFT size, guard interval, f c, f s, effective bandwidth, sym-
bol duration, and data rate were set similar to the param-
eters mentioned above in Sections 4.1 and 4.2. The sea’s
channel is considered to be a harsh channel, so to guaran-
tee communication reliability, conventional coding with
the rate of 2/3 and interleaving are adopted. The received
signal is processed similar to Section 4.2 where the con-
stellation of the received signal after (14) is shown in
Figure 10, and the experimental results are shown in
Table 2. The performance of the proposed schemes con-
firms the effectiveness of the proposed schemes over the
practical UWA channel.

5. Conclusion

This paper proposed a new scheme called precoded IM-
OFDM-SS for UWA communication. The IM-OFDM-SS
data symbols are spread over all other subcarriers; hence,
the reliability of the UWA communication system can be
improved. Thanks to the precoding and spreading scheme,
the proposed IM-OFDM-SS increases the transmit diversity,
domesticates the spreading and multipath diversities of the
UWA channel, and reduces the PAPR. The performance of
the proposed schemes has been evaluated over simulation
and experimental results. The new scheme outperformed
the conventional OFDM multicarrier modulation scheme
currently used in the UWAC and the new conventional
IM-OFDM-SS proposed for the next 5G mobile networks
which are not previously practically evaluated over the
UWA channel. Field measurements and simulation results
clearly show how the proposed precoded IM-OFDM-SS is
suitable for the UWAC.
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