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ABSTRACT Multipath due to reflections of the sea surface, seabed, and obstacles, as well as inhomogeneity
within the ocean, is an important characteristic of underwater acoustic channels. Mutual interference among
multiple paths causes severe amplitude fading and frequency selective fading. The guard interval is an
effective anti-multipath method, but an excessively long guard interval will reduce the data rate of multi-
carrier underwater acoustic communication. In this paper, we propose a new anti-multipath multi-carrier
communication method based on orthogonal chirp division multiplexing (OCDM) that uses chirp signals for
carrier modulation. As OCDM exploits the multipath components for diversity gain, the system robustness is
improved. The new method also adds a data pick-based rake receiver for maintaining good communication
performance, even at short guard intervals. We detail the implementation and parameter selection of the anti-
multipath OCDM system and compare its performance with the traditional orthogonal frequency division
multiplexing (OFDM) scheme using simulations; under a severe multipath simulation condition (the delay
spread is longer than the guard interval), the anti-multipath OCDM achieves a bit error rate (BER) of 1079,
while the OFDM has a BER floor of 1073, The simulation results verify the feasibility of the proposed
method and the superiority of its anti-multipath performance.

INDEX TERMS Multipath channels, orthogonal chirp division multiplexing, underwater acoustic

communication.

I. INTRODUCTION

Research on underwater acoustic communication (UWAC)
technology is important for both military and civilian applica-
tions. At present, UWAC is the core technology for underwa-
ter projects, such as ocean observation, coastal development,
etc. These increasingly complex underwater projects neces-
sitate higher requirements for UWAC; how to efficiently
and reliably transmit the information through an underwater
acoustic channel and further construct the UWAC network
is the difficult point and hot spot in current UWAC research
[1], [2]. Therefore, the design of the UWAC physical layer,
based on the characteristics of the underwater acoustic chan-
nel, is essential. However, the underwater acoustic channel
is an extremely complex and variable parametric random
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channel in time-space-frequency and is one of the most dif-
ficult wireless communication channels to master, especially
in shallow waters [3], [4]. Non-coherent communication can
provide better reliability. The representative chirp spread
spectrum (CSS) modulation technique modulates symbols
into a wider spectrum to obtain high processing gain but
also sacrifices spectrum efficiency [5], so CSS technology is
widely used in the application of reliable low-speed UWAC
and telemetry remote control [6].

At present, high-speed UWAC systems employing single-
carrier and multi-carrier modulation techniques have been
widely examined. Many techniques have been studied to
deal with the multipath delay and Doppler effect in under-
water acoustic channels. For single-carrier communication,
adaptive filter technology is very effective at eliminating
inter-symbol interference (ISI), such as the application of a
decision feedback equalizer with a recursive least squares
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(RLS-DFE) algorithm [7], [8]. The channel tracker further
eliminates the Doppler spread caused by the underwater
acoustic channel [9], [10]. For multi-carrier communications,
orthogonal frequency division multiplexing (OFDM) tech-
nology has been well studied in the past decades due to
its high spectrum utilization and low receiver design com-
plexity. The UWAC system based on OFDM technology is
sensitive to Doppler shift and Doppler spread because the
Doppler effect will destroy the orthogonality of the subcarri-
ers. As a result, an inter-carrier interference (ICI) compensa-
tion algorithm [11] such as Doppler shift correction is usually
required. In addition, larger Doppler spreads can be handled
by the basis expansion model (BEM)-based signal design and
channel coding techniques [12].

Recently, a new multi-carrier modulation system orthogo-
nal chirp division multiplexing (OCDM) has been designed
for optical fiber communication. Slightly different from tra-
ditional CSS technology, OCDM uses a set of orthogonal
chirp signals for symbol modulation. Therefore, OCDM max-
imizes spectral efficiency while maintaining the robustness
of CSS technology [13]. An underloaded OCDM scheme is
proposed and leads to signal-to-noise ratio (SNR) gain but at
the expense of the decreasing data rate [14]. Compared with
the traditional OFDM system, the OCDM system offers better
anti-interference ability while maintaining the same spectral
efficiency [15]. However, the reflection of the sea surface,
seabed, and obstacles, as well as inhomogeneity within the
ocean, lead to multipath characteristics of the underwater
acoustic channel, especially in shallow waters, that can reach
tens or even hundreds of milliseconds [16]. Implementing a
guard interval (GI) is an effective anti-multipath method, but
an excessively long guard interval will reduce the data rate
of multi-carrier UWAC. OCDM is sensitive to ICI caused
by delay spread, especially in the shallow water environment
with severe multipath. In this paper, we propose anew OCDM
system, including a data pick-based rake receiver. We name it
as Data Pick-Rake OCDM (DP-Rake OCDM). As the OCDM
data block is analyzed through multiple time windows to find
the best rake finger, the bit error rate (BER) of the system is
reduced when the guard interval is short.

This paper is structured as follows: Section II describes
the basic principles of OCDM and the data pick-based rake
receiver. The channel models and the transmission scheme
of the DP-Rake OCDM system are detailed in Section III.
Section IV compares OCDM with traditional OFDM using
simulations and discusses the results. Section V summarizes
this article.

II. PRINCIPLE OF ANTI-MULTIPATH OCDM

A. OCDM BASICS

Similar to OFDM based on Fourier transform, OCDM is
based on Fresnel transform. Fresnel transform is an important
transformation derived from classical optics [17], and its core
basis is the chirp signal. We can construct a set of mutually
orthogonal chirp signals as the core basis of the OCDM
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system, represented by ,,(¢), that can be express as:

i N T2
Yn() = elde TN o<t <T (1)

where n is the index of the chirp waveforms, N is the num-
ber of the chirp waveforms, and T is the duration of chirp
waveforms. It can be easily proved in (2) that the set of chirp
signals are mutually orthogonal:

T
/0 Yo (DY (1)dt

_ / " AR R s k) ()
0

In OFDM, linear exponential waveforms are chosen as the
basis function. These exponential waveforms are orthogonal
in the frequency domain, as shown in Fig. 1(a). For compar-
ison, the orthogonal chirp waveforms of OCDM for N = 16
are shown in Fig. 1(b).
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FIGURE 1. When N = 16, the in-phase (solid) and the quadrature (dotted)

components of the (a) linear exponential waveforms in OFDM, and (b)
chirped waveforms in OCDM.

In the OCDM system, both amplitude and phase infor-
mation can be modulated in chirp waveforms. Modulation
methods, such as PAM, PSK, and QAM, can be applied
to the OCDM system. In a severe multipath underwater
acoustic channel, the amplitude of the received waveform
changes rapidly. Here, we choose QPSK as the modulation
method. Denoting the kth symbol as x(k) after QPSK map-
ping, the modulated signal s(¢) for OCDM is then expressed
as:

N-1
sty =Y x(kyu(t), 0<t<T 3)
k=0

According to the orthogonality in (2), x(m) can be easily
extracted by the matched filter:

T

x'(m) =/ s(OY(t)dt
0
N—1

= > x(k)s(m — k) = x(m) )

k=0
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FIGURE 2. Schematic diagram of the OCDM system (a) multiplexing and
(b) demultiplexing a bank of N modulated orthogonal chirp waveforms.

According to (3) and (4), the multiplexing at the transmitter
and demultiplexing at the receiver in the OCDM system are
shown in Fig. 2.

The basic processes of the analog OCDM system are
expressed in (3) and (4), but they cannot be applied to the
discrete-time signal in the current actual UWAC system.
Therefore, the inverse discrete Fresnel transform (IDFnT) is
often used in the digital OCDM system. s(n) can be obtained
by sampling the analog signal in (3) as:

s(n) = Fi;' {x(k)}
N—1

> x(k)lpk(nz) N = 0(mod2)
_ Jk=0 N

NZ_I O~ + 2y N = 1(mod2)

kzox Vi nN N = I(mo

N-1 T 12

o e~in(n=k) N = 0(mod2)
=7 k ‘n 5

PROL eINOkED N = 1(mod2) )

k=0

As in (5), the expression of IDFnT is slightly different
when N is even or odd. In an actual OCDM UWAC system, N
is usually selected as an even number to facilitate calculation.
According to (5), OCDM modulation can be expressed as a
compact matrix form, as follows:

s = ®fx (6)

where s = [5(0), s(1),...,s(N —1)]” is the discrete-
time domain signal after OCDM modulation, x =
[x(0), x(1), ..., x(N = D]7 is the symbol vector after map-
ping, and @ is discrete Fresnel transform (DFnT) matrix. For
the case where N is even, the matrix ® can be expressed as:

1 S Y 4 2
(@} = —=e /TN ™
mEUN
Since the DFnT matrix is a unitary matrix, at the receiver,

the transmitted symbol can be recovered by the inverse oper-
ation DFnT of (6), as follows:

X =®s=x (8)
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FIGURE 3. Basic model and frame structure. (a) Basic OFDM model and
(b) frame structure and timing positions for the analysis window.

B. DATA PICK-BASED RAKE RECEIVER

In the multi-carrier UWAC demodulation process, communi-
cation performance will be deteriorated by multipath delay
and Doppler spread. The effectiveness of Doppler compen-
sation has been previously examined [18], and this paper
focuses on the impact and elimination of multipath delay.
This section describes a data pick-based rake receiver that
is used to combat the effects of severe multipath effects
at short guard intervals, thereby improving communication
performance.

It is evident that severe multipath will introduce inter-block
interference (IBI). IBI does not cause symbol errors at a high
SNR. Generally, the SNR can be effectively improved by
diversity technology. However, ICI caused by severe multi-
pathisless obvious. To illustrate the principle of the data pick-
based rake receiver and discuss it conveniently, we construct
a familiar basic OFDM model, as shown in Fig. 3(a). At the
transmitter, the digital signal to be sent is A,,(n) = 0(0 <
m<M—1,0 <n < N — 1), where m indicates the data
block index and n indicates the subcarrier index. After binary
phase-shift keying (BPSK) modulation, B,,(n) = 1, which
is then multiplied by the preset pseudo-random sequence to
obtain X,,(n) (the value is 1 or -1), then obtain x,, () by inverse
discrete Fourier transform (IDFT), and finally add the cyclic
prefix (CP) as the GI. The receiver is the reverse process of the
transmitter. The received signal is forwarded to the discrete
Fourier transform (DFT), reverse pseudo-random, and BPSK
demodulation operations to obtain D,,(n).

The frame structure is shown in Fig. 3(b), the length of
the data block is set to 7', and the length of the CP set to T¢p.
Fig. 3 shows the situation with only the direct path, in the case
of precise synchronization, the start-stop time of the analysis
window and the data block are entirely identical, so IBI and
ICI are not caused. To simplify the discussion, we assume that
the underwater acoustic channel is a simple two-path model,
and the received signal can be expressed as:

r(t) = x(@) +ax(t — 1)+ n) 9
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FIGURE 4. When t = 300, (a) relation between direct and delay waves;
(b) received signal distribution affected by ICI.

where « and 7 are the attenuation coefficient and the delay
of the second path in the channel propagation, respectively.
n(t) is additive white Gaussian noise and is determined by the
SNR. To simulate the ICI caused by multipath, we set to send
20 data blocks, with a data block length 7 = 256, a CP length
T, = 64, a delay © = 300, and an attenuation coefficient
o = 0.7, as shown in Fig. 4(a). At the receiver, Cy,(n) should
be equal to B,,(n) when no symbol error occurs, so a symbol
error occurs when the value of C,,(n) is negative.

When the start-stop time of the analysis window is shown
in Fig. 4(a), the time delay of the second path T = 300. The
m-Ith data block and the mth CP of the second path are aliased
with the mth data block of the first path. The distribution of
the real part of the received signal C,,(n) is shown in Fig. 4(b),
and some of these values are negative, that is, a symbol error
is generated. In this simulation system, when the influence of
noise is ignored, the received signal can be expressed as:

() = Xm(t) + o(Um—1(t) + v (1))
= Xp(t) + oxp—1(t — T41)
Fa(—u),_ (1) + vin(1))

o Xm—1(t —7q1) if 0 <t=<141—1
Upy— =
=l 0 ifty1 <t <N-—1
= )Cm_l(l—‘fdl)—bt;nil(l)
i () = 0 ifO0<t<tyn—1
" Xm—1(t —1q1) iftar <t <N-—1
0 if0 <t < -1
V() = yo=r=m (10)
Xm(t — tq2) g <t<N-1
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FIGURE 5. When offset = 40, (a) adjustment of analysis window;
(b) received signal distribution after adjustment.

Based on the cyclic shift property, 141 = 7 — T¢p, Tq2 =
7431 — T¢p in (10). Suppose Sy,(n) and S, 1(n) are random
patterns of the mth and m-Ith data blocks, respectively, con-
sisting of 1 or —1. The real part of C,,(n) can be expressed
as:

Re[Cp(n)] = 1 + Re[aSy,(1)Sy—1 (n)e? " w1/N)]
+Re[a(=U,,_(n) + V()] (11)

In (11), U} _,(n) and V,,(n) are added to each subcarrier
after IDFT and DFT operations in the simulation system,
thereby generating ICI. ICI can be avoided by adjusting the
analysis window. As shown in Fig. 5(a), we move the analysis
window forward by 40 samples so that the effect of the second
path on the first path is precisely in the same block. Although
this displacement adjustment introduces phase rotation in the
frequency domain, the phase rotation can be compensated by
frequency domain equalization (FDE). The distribution of the
real part of the received signal after adjusting the analysis
window is shown in Fig. 5(b). All values are positive, that
is, no symbol error is generated.

The above method of eliminating ICI by adjusting the
analysis window requires a clear knowledge of the delay
information of multipath arrival, but the exact delay of each
path is usually unclear in the actual UWAC environment.
We have designed a rack receiver based on the data pick,
and the implementation scheme is shown in Fig. 6. Since the
multipath delays (77 . . . ;) and the corresponding attenuation
coefficients (¢ .. . ;) are unknown, it is necessary to design
multiple analysis windows for demodulation. These analysis
windows are the rake fingers.

Conventional rake receivers mainly utilize multipath
diversity in spread spectrum communication. In the data pick-
based rake receiver scheme designed in this paper, rake recep-
tion is mainly used to find the best rake finger to minimize
ICI. For these rake fingers, by examining the data errors
after demodulation, and choosing the best rake finger without
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Rake fingers for
data analysis

FIGURE 6. Rake fingers of data pick-based rake reception.

error, so for each data block, there is its own best rake finger.
If all rake fingers have data errors, the final output data are
generated by merging all decoded data in bit level.

lll. ANTI-MULTIPATH OCDM SYSTEM MODEL

A. UNDERWATER ACOUSTIC CHANNEL MODELS

In this paper, two underwater acoustic channel models are
used for numerical simulation. One is a dynamic underwater
acoustic channel model based on Watermarkchannel [19],
and the other is a static channel model constructed from the
measured data in Xiamen Port.

To simulate the time-varying of the underwater acoustic
channel, we consider the commonly used dynamic under-
water acoustic channel simulator based on Watermarkchan-
nel [19], which generates time-varying channel impulse
response (CIR). Watermark is a freely available benchmark
for physical-layer schemes for UWAC. It can easily adjust
parameters to test and compare algorithms for the physi-
cal layer under realistic and reproducible conditions. Here,
we use the single-input single-output (SISO) mode of the
simulator. The received signal that passes through the time-
varying simulation channel (called watermark time-varying
channel, WMT Channel) is expressed as:

r(t) = /Oo h(t: T)s(t — T)dT + n(t) (12)

—0o0

where s(¢) is the input signal, h(t; ) is the impulse response
of the time-varying channel, n(¢) is the noise term, and r(¢) is
the output serial term. The continuous time-varying impulse
responses are provided through a MATLAB (.mat) file for
easy recall in system simulation. The WMT Channel model
also considers the Doppler shift introduced by relative motion
or carrier frequency offset.

In this paper, the simulation parameters for WMT Chan-
nel are as follows: the communication distance is 750 m,
the water depth is 10 m, and the transducer is placed at a water
depth of 8 m. Fig. 7(a) shows the normalized CIR of WMT
Channel with a root mean square (RMS) channel delay spread
[20] value of 9.6 ms.
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FIGURE 7. Normalized CIR for (a) WMT Channel and (b) Xiamen Port
shallow water acoustic channel.

The second underwater acoustic channel model comes
from the measured impulse response data of Xiamen Port
Xiandai Terminal. The normalized CIR is shown in Fig. 7(b).
The analysis and modeling of the underwater acoustic chan-
nel are performed using the CIR data and the BELLOP
method based on Gaussian beam ray tracing, which is
achieved by multiplying the attenuation coefficient at the
moment of corresponding multipath delay and then adding
Gaussian white noise [21]. The communication distance of
Xiamen Port Xiandai Terminal is approximately 300 m, the
water depth is approximately 15 m, and the transducer is
placed at a water depth of 5 m. As shown in Fig. 7(b),
in this shallow water, the sound transmission consists of a
direct path, multiple paths that reflected by sea surface and
bottom. Therefore, the Xiamen Port shallow water acoustic
channel (Xiamen Port SW Channel) has severe multipath and
a long delay spread, with an RMS channel delay spread value
of 26 ms.

B. ANTI-MULTIPATH OCDM SCHEME

The frame structure of anti-multipath OCDM communication
is shown in Fig. 8. The beginning of each frame is a preamble
sequence composed of dual hyperbolic frequency modulation
(HFM) signals. They can be used for accurate frame syn-
chronization and Doppler estimation due to Doppler invari-
ance [22]. The GI (generally set to be longer than the delay
spread of the channel) is followed by a known pilot symbol
for channel estimation. After the pilot symbol, the transmitted
data blocks have cyclic prefixes inserted between adjacent
data blocks.
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This section introduces a new transmission and recep-
tion scheme in the anti-multipath OCDM communication
system. It combines the OCDM modulation and demodu-
lation described in Section II.A with the data pick-based
rake receiver described in Section II.B. The new system is
called the data pick rake OCDM (DP-Rake OCDM). In the
OCDM system, the operational process of IDFnT and DFnT
should be respectively performed at the transmitter and the
receiver. To be compatible with the prevalent OFDM com-
munication system, a compatible OCDM scheme based on
OFDM communication architecture is proposed in [15], this
scheme only has the operation process of IDFT and DFT at
the transceiver or receiver. This paper is also based on the
OCDM scheme proposed in [15].

As shown in Fig. 9(a), in order to ensure the reliability of
the high-rate communication system in underwater acoustic
channel, the digital signal at the transmitter undergoes the
following preprocessing operation: First, insert the cyclic
redundancy check (CRC) codes before forward error cor-
rection (FEC) coding; the CRC overhead is typically very
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small, usually 16 bits (CRC-16). Then, after the CRC coding,
a convolutional code is used for FEC coding that considers
the balance of complexity and error correction performance;
the convolutional coding parameter is set as follows: the code
rate is 1/2, using the optimal generator polynomial [753, 516],
the constraint length is L = 9, and the backtrack length is SL.
Finally, interleaves the binary data by matrix interleaving
in one frame. The preprocessed digital signal is mapped to
a complex signal via QPSK, which is then modulated by
OCDM and sent out. The IDFnT in OCDM modulation can
be replaced by IDFT and two phase multiplications ®] and
@;, where ® and ©; are diagonal matrices whose diagonal
entries are ©1(m) and ®,(n), respectively. ®1(m) and O>(n)
can be expressed as:

T2
o1 = % x |77 N = 0(mod2)
: B RO N = 1(mod2)
L2
en’ N = 0(mod2)
Os(n) = x 13
2() {e/zv<"2"> N = 1(mod2) (13

The receiver scheme of the DP-Rake OCDM system is
shown in Fig. 9(b): at first, after conversion to the base-
band signal, the received signal is cross-correlated with the
local dual HFM signal, the correlation peak is determined
to complete the frame synchronization [22], and the Doppler
shift caused by relative motion is compensated by Doppler
estimation and phase correction; then, the obtained data are
transferred to the data pick-based rake receiver, and each data
block is subjected to OCDM demodulation under the setting
of each rake finger; finally, the demodulated data is subjected
to CRC check and data pick to obtain the final information
data. The OCDM demodulation part adopts a single-tap FDE
for the demodulation structure in [15]. The data block to be
demodulated is r, and DFT processing for r can obtain y
before FDE. y can be expressed as:

y=Fr=THFAx+w (14)

where F is the Fourier matrix of size N, I' and A are both
diagonal matrices of size N, which can be expressed as:

(Tl = 77
(Adex = Hi (15)

In (14), w is the Gaussian noise component with a mean of
0, and the variances of w and x are o> and o2, respectively.
In (15), Hy. is the channel frequency response (CFR) of the
channel at the kth frequency bin.

Assume that the CFR is unchanged in one frame; after per-
forming phase multiplication, CFR compensation and IDFT
processing on y, the symbol x’ estimate can be obtained. This
process can be expressed as:

x =F{Gry (16)

where G is the diagonal equalization matrix under the mini-
mum mean square error (MMSE) criterion, which is obtained
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by pilot estimation and can be expressed as:

2
G =AY A + 22! (17)
U)C

The scheme of transmission and reception in the DP-Rake
OCDM system as shown in Fig. 9 is perfectly compatible
with the scheme of the OFDM system, wherein the dashed
boxes indicate the steps added to the OFDM system: two
phase multiplications at the transmitter, one phase multi-
plication, and one IDFT at the receiver. When considering
the algorithm complexity of OCDM compared to OFDM,
at the transmitter, there are only 2 additional phase multi-
plications per symbol. At the receiver, besides the equalizer,
the additional IDFT brings an additional complexity of 0.5
logo N per symbol. It can be seen that the complexity of
the OCDM system is slightly increased compared to that
of the OFDM system, with 2 + 0.5 logo N multiplications
per symbol. In practical applications, the DP-Rake OCDM
system can be implemented by upgrading the original OFDM
system. At the receiver, OCDM demodulation is embedded
into the data pick-based rake receiver. Multiple rake fingers
can significantly increase the computational complexity of
the receiver. However, the bandwidth used in UWAC is much
smaller than radio frequency (RF) communication, and the
amount of calculation is not a problem for current hardware

resources (such as CPUs, FPGAs, etc.).

IV. SYSTEM SIMULATION RESULTS AND DISCUSSION

A. SYSTEM SIMULATION PARAMETERS

In this section, the performance of the OFDM system, OCDM
system, and DP-Rake OCDM system are simulated and dis-
cussed. The simulation environment is the WMT Channel and
the Xiamen Port SW Channel introduced in Section IIL.A.
The performance metrics are the bit error rate (BER) and the
effective data rate (EDR) of the demodulated binary data. The
EDR can be defined as:

EDR = (1 — PER) - DR

Nq
DR =

(1 + Na)(1 + Rcp)

In (18), PER is the packet error ratio (PER), which indi-
cates the error rate of all transmitted data frames. DR indicates
the data transmission rate.

The settings of the system simulation parameters are sum-
marized in Table 1. For a fair comparison performance,
the OFDM system, OCDM system, and DP-Rake OCDM
system are consistent in the setting of simulation parameters.

BR¢ log, M (18)

B. THE WMT CHANNEL

This section uses the WMT Channel as the simulation chan-
nel. WMT Channel is a time-varying channel, so the Doppler
shift and Doppler spread will inevitably be introduced in
communication, but the Doppler effect is not the focus of
the simulation and can be eliminated by techniques such as
Doppler estimation and phase correction.
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TABLE 1. System simulation parameters.

- . WMT Xiamen Port
Symbol Signification Channel SW channel
B Bandw1dth'for 4 kHz 20 kHz
baseband signal
s Sampling frequency 120 kHz 200 kHz
£ Center carrier 14 kHz 50 kHz
frequency
N Number of subcarriers 256 1024
N, Number of data blocks 3 10
pre Frame
Tep Cyclic prefix time 16 ms 12.8 ms
Guard interval time
Ts after peramble 256 ms
sequence
Modulation QPSK-OCDM
M Constellation order 4
FEC Convolutional coqlng & Viterbi
decoding
Re FEC rate 172
Rep Cyclic prefix ratio 1/4
Number of rake fingers 64
Number of evaluated 100
frames

Single-carrier (SC) communication with iterative FDE
(SC-FDE) is a common method for underwater acoustic com-
munication [23]. An SC-FDE system usually needs to add
equalization and channel coding modules to provide better
communication performance while maintaining lower com-
putational complexity. Therefore, we chose SC-FDE as the
benchmark for communication performance comparison. The
choice of FDE instead of time domain equalization (TDE) is
considered to be consistent with other systems in comparison.
The SC-FDE system uses the same frame structure as shown
in Fig. 8.

The BER performance comparison of SC-FDE, OFDM,
OCDM, and DP-Rake OCDM systems is shown in Fig. 10(a):
the BER performance of OFDM and SC-FDE is equiv-
alent, which is due to the use of FEC coding, Doppler
estimation, and phase correction techniques in these sys-
tems, as these techniques eliminate the Doppler shift intro-
duced by channel variations; the BER performance of
OCDM is better than OFDM because OCDM provides
both spreading and diversity gain through its chirp-based
signal; DP-Rake OCDM has the best BER performance,
but the improvement over OCDM is not significant. The
reason is that the delay spread of the WMT Channel
is small relative to the CP, and leading to ICI is not
severe.

The EDR performance comparison is shown in Fig. 10(b).
The results are similar to those in Fig. 10(a): The OCDM and
DP-Rake OCDM systems provide higher EDR performance
than other systems, especially at low SNR. This result is
attributed to the advantages of spreading and diversity gain
in OCDM. At the same communication rate, the OCDM
system requires lower SNR, which provides higher system
robustness.
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FIGURE 10. Performance comparison over the WMT channel.

C. THE XIAMEN PORT SW CHANNEL

This section uses the Xiamen Port SW Channel described in
Section III.A as the simulation channel. The channel has a
sizeable multipath delay spread, which inevitably introduces
ICI into the multi-carrier communication system, thereby
destroying the orthogonality of the sub-carriers and affecting
communication performance. Fig. 11(a) compares the BER
performance of OFDM, OCDM, Data Pick-Rake OFDM
(DP-Rake OFDM) and DP-Rake OCDM multi-carrier sys-
tems, as seen in the figure: OCDM BER performance is
slightly better than OFDM, but the BER performance of
OFDM and OCDM are not very good, and the BER floor is
approximately 1073, as the ICI introduced by delay spread
has a significant influence on multi-carrier communication;
the BER performance of the DP-Rake OCDM system is
significantly improved because the data pick-based rake
receiver, as described in Section II.B, is added to the system,
which effectively eliminates ICI and breaks the BER floor of
103, The performance of DP-Rake OFDM is between those
of OCDM and DP-Rake OCDM. The additional data pick-
based rake receiver enhances the performance of OFDM with
a BER floor of 107, Fig. 11(b) shows the PER performance
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FIGURE 11. Performance comparison over the Xiamen Port SW channel.

comparison trend is the same as the BER, and the PER
performance curves of OFDM and OCDM are relatively flat
because the performance is affected by ICI in addition to
the SNR; the DP-Rake OCDM eliminates ICI and makes
SNR the main factor. Therefore, the performance curve of
the DP-Rake OCDM is steeper. The simulation results verify
the effectiveness of the DP-Rake OCDM for anti-multipath
performance.

V. CONCLUSION

This paper proposes a new anti-multipath OCDM method
to provide high robustness in severe multipath UWAC. The
method is based on the Fresnel transform and uses chirp
signals to utilize the diversity gain of the multipath. The
transmitter and receiver structure of the OCDM system can be
compatible with the conventional OFDM system by adding
phase multiplications. Based on the analysis that severe mul-
tipath will introduce IBI and ICI, this paper points out that ICI
can be eliminated by adjusting the analysis window. We fur-
ther propose a data pick-based rack receiver with multiple
rake fingers to effectively eliminate ICI and increase the data
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rate at short guard intervals. We combine the principle of
OCDM and the data pick-based rake receiver to form the
scheme of the DP-Rake OCDM system. This paper simulates
the communication performance of the OFDM, OCDM, and
DP-Rake OCDM systems under two channel conditions. The
performance simulation results of BER, EDR, and PER show
that OCDM performance is better than that of OFDM, but
it is greatly affected by ICI. DP-Rake OCDM can effec-
tively eliminate the ICI caused by multipath delay spread and
improve communication performance. Therefore, DP-Rake
OCDM has great value in the shallow water acoustic channel
with severe multipath. In future work, we will consider the
impact of the Doppler effect on the DP-Rake OCDM system
and the corresponding improvement methods.
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