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ABSTRACT In the scenario of underwater acoustic communication, Orthogonal Frequency Division Multi-
plexing (OFDM) is widely used for its high spectral efficiency and high transmission rate. However, OFDM is
sensitive to Doppler shift, which will generate inter-carrier interference to degrade bit error rate performance.
Orthogonal Chirp Division Multiplexing (OCDM) consists of multiplexing a number of chirp waveforms
that are mutually orthogonal with each other and share the same bandwidth and time slot, achieving good
robustness against multipath and Doppler shift. This study reviews the concepts of Orthogonal Chirp Division
Multiplexing and combines this multicarrier communication scheme with an underwater acoustic channel.
Unlike previous studies analyzing within the signal domain, this study formulates the mathematical model
of OCDM in shallow water acoustic channel and illustrates the reason why OCDM can outperform OFDM
in both Doppler robustness and multipath robustness, which is a necessary and solid complement for OCDM
in the further development of underwater acoustic communication.

INDEX TERMS Orthogonal chirp division multiplexing, shallow water acoustic channel, under water
acoustic communication.

I. INTRODUCTION
The underwater acoustic channel is considered one of the

tiplexing (OFDM) is a multi-carrier modulation method that
is extensively applied in UAC system for high spectrum effi-

most difficult wireless communication channels for multipath
transmission, time variation, limited bandwidth, and Doppler
shift [1]. Especially for shallow water acoustic channel, the
above-mentioned characteristics make signal vary severely
in time and selective fading in the frequency domain [2].
In order to achieve a high transmission rate and high Under-
water Acoustic Communication (UAC) system performance,
the design of the system should balance spectrum efficiency
and robustness [3].

At present, high-speed UAC systems employing single-
carrier and multi-carrier modulation techniques have been
widely examined [4]. Orthogonal Frequency Division Mul-
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ciency, low computational complexity, and easily equipped
with Fast Fourier Transform [5]. In the application of under-
water acoustic communication, lots of OFDM-based tech-
niques such as channel coding [6], channel estimation [7],
time synchronization [8], and Doppler compensation [9]
are investigated in the last decades. Therefore, high-speed
OFDM in UAC is boosted in the aspect of communication
distance as well as communication robustness [10]. However,
the performance of OFDM in UAC is limited by the sensi-
tivity to Doppler shift, which will destroy the orthogonality
of the sub-carriers. As a result, an inter-carrier interference
(ICI) compensation algorithm such as Doppler shift correc-
tion is usually required, which will add to the complexity
of the OFDM system [11], [12]. On the other hand, the
Linear Frequency Modulation (LFM) signal is resistant to

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

95928

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

VOLUME 10, 2022


https://orcid.org/0000-0002-0611-6501

B. Yiqi, H. Chuanlin: Analysis of Doppler and Multipath on Orthogonal Chirp Division Multiplexing in Shallow Water Acoustic Channel

IEEE Access

the detrimental effects of shallow water acoustic channel.
By modulating information via a broad spectrum LFM signal,
Chirp Spread Spectrum (CSS) modulation technique offers
robust performance with a simple matched filtering-based
decoder, which can achieve high processing gain as well
as high multipath resolution [13]. Therefore, CSS is very
attractive for a low data rate UWAC system when reliability
is considered a priority factor.

Recently, a novel technique termed Orthogonal Chirp Divi-
sion Multiplexing (OCDM) has been proposed for coher-
ent optical communication system [14]. OCDM consists of
multiplexing a number of chirp waveforms that are mutually
orthogonal with each other and share the same bandwidth and
time slot, achieving good robustness against multipath and
Doppler shift [15]. The essence of OCDM is substituting sen-
sitive sub-carriers in OFDM for insensitive sub-carriers(i.e.
LFM) [16]. Additionally, OCDM can achieve better per-
formance with a similar peak-to-average power ratio and
spectral efficiency compared with OFDM [17]. Up to now,
OCDM is widely used in optical fiber communication [18],
[19], transferometric power line sensing [20], and underwater
acoustic communication [21]. In reference [21], a UAC sys-
tem based on OCDM is proposed and the system performance
on an under-loaded scenario is investigated which shows
a promising bit error rate (BER) compared to traditional
OFDM. Up to now, the research of OCDM in UAC is mainly
focused on channel equalization algorithms [22], [23], [24]
and extending OCDM to MIMO system [25]. However, the
above-mentioned results are described with respect to the
signal domain and lack quantitative analysis on Doppler and
multipath effects when introducing OCDM to the SWAC
model. The purpose of this paper is to study the Doppler
and multipath resistance of the OCDM system, which is a
necessary and solid complement for OCDM application in the
further development of underwater acoustic communication.

The structure of this paper is organized as follows:
section 2 describes the OCDM principles whereas section 3
presents the Doppler and multipath analysis of OCDM in
SWAC. In section 4, the performance results of both OCDM
and OFDM systems over a static and dynamic channel
are provided. Finally, the conclusions are summarized in
section 5.

Il. PRINCIPLES OF OCDM
A. OCDM BASIS

Similar to OFDM based on Fourier Transform, the principles
of OCDM originated from the Fresnel Transform, which is
an important transform in the Linear Canonical Transform
(LCT). The kernel of OCDM modulation is based on a set
of orthogonal chirp signals while mutually overlapping in the
time domain and the frequency domain. Define the quadratic
exponential waveforms v, (#) with chirp wave-number n €
[0, N — 1] temporally limited on symbol duration 7, such
as:

Ty

t—n

i N :
wnm:e%e’f%( ) 0<t<T, (1)
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FIGURE 1. OCDM chirp waveforms for N=16.

As an example, a 16-chirped OCDM system is illustrated in
Fig. 1, where the real part of chirped waveforms is depicted in
a solid line, whereas the dashed line stands for the imaginary
part. It is obvious that these sets of chirp waves share the same
chirprate = N/ Tu2 leading to a bandwidth B = N /T,,. The
sub-carriers of the OCDM multi-carrier modulation system
are mutually orthogonal in the chirp domain, which can be
easily verified as follows:

T,

u
Y (1) Y (1) dt
0
Tu in N (T —in N (—pT)’
:/‘ ué/]'[ﬁ<[ m}\;‘) B jnTl%(t nA?) dt
0

B {1 if m=n

(@)

0 instead

Similar to OFDM, both amplitude and phase information
can be modulated. In the time domain, the baseband trans-
mission signal for the OCDM block k labeled as s (¢) can
be obtained by multiplexing these N waveforms over the
duration T'. This set of waveform is multiplied by a quadrature
amplitude modulation (QAM) cell x;! that carrying the useful
information:

N-1

sk =Y Y (t), t€[0,T,] 3)

n=0

In underwater acoustic communication, there exist severe
multipath propagation in the wireless channel, especially
in shallow water acoustic channel. In order to prevent
inter-symbol interference (ISI), a cyclic prefix (CP) with
time scale Tcp is added at the beginning of each OCDM
block signal. The time duration Tcp should cover the delay
spread of the current channel, which prolongs the baseband
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transmission signal as follows:

sk (t+Ty—Tcp) 0=t <Tcp
sk (¢ — Tcp) Tecp<t<T 4
0 else

s (1) =

The total time duration of the OCDM baseband transmis-
sion signal is T = T, + Tcp, therefore, K OCDM symbols
can be written as:

K-1
s(0) =) st —kT) ®)
k=0

In the demodulation part of OCDM, utilizing the orthogo-
nal properties of OCDM sub-carrier v, (t) concluded from
(2), the transmission data %' can be achieved by applying
match filter to received signal r (¢):

Ty
X = /0 r(t —kT + Tcp) ¥, (t)dt 6)

B. OCDM IN DIGITAL STRUCTURE
Equations (3) and (4) realize the analog signals for OCDM,
the digital signal of OCDM modulation is performed by using
inverse discrete Fresnel transform (IDFnT), as shown in [26].
In fact, sampling (3) at m7T,,/N yields:
N-1
k k
S = Sk () Ty = ZO X (mTu/N)
n=,

N-—1
= T ) e IR0 %)
n=0

From the above expression, the concise matrix form of
OCDM modulation can be expressed as:

s = ®fx (8)

with s = [s14---svxl’. X = [x14---xy ]’ and unitary
DFnT matrix ® € CN*V defined as follows:

1 » T » T
(@) = e /RO ©

As aresult, the baseband OCDM signal s with loaded data
x is achieved by DFnT matrix ®. However, the process of
demodulating signals with DFnT/IDFnT requires excessive
computational complexity (;:5 o (N 2)) that cannot be rapidly
deployed to offshore devices such as buoys. In order to
reduce the computational complexity, in [15], the authors
present a compensation matrix to implement DFnT/IDFnT
with discrete Fourier transform(% o (N loglzv )) Thus, the
OCDM demodulation can be realized from the following
expression by an existing OFDM system without an increase
of complexity.

y=F - r=TI/AFx+w (10)

where F is the Fourier matrix of size N, I and A are both
diagonal matrices of size N x N. In the case of N being even:

(11)
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FIGURE 2. OCDM decoder structure.

An,n = Hn (12)

In the above expressions, H, is the channel frequency
response (CFR) of the channel at the n-th frequency bin.
Additionally, w is the noise vector assumed Gaussian with
zero mean and variance noted o,2. From the above-mentioned
procedure, the decoder structure of OCDM with MMSE
channel estimation and soft decision algorithm can be sum-
marized as Fig. 2.

To illustrate the differences between the presented OCDM
and traditional OFDM, the comparison will elaborate as
follows:

. The complementation of OCDM is based on the Dis-
crete Fresnel Transform and OFDM is based on Discrete
Fourier Transform.

. The waveform of sub-carriers in OCDM is the LFM
signal(wideband signal, modulated in both time and
frequency domain) while OFDM is a single frequency
signal(modulated in frequency domain).

. The computational complexity of OCDM is O (N?),
whereas that of OFDM is O (N loglzv )

. The modulation/demodulation process of OCDM can be
achieved in the time domain while OFDM is achieved in
the frequency domain.

Ill. ANALYSIS OF OCDM IN SHALLOW WATER ACOUSTIC
CHANNEL
As known that the underwater acoustic channel is most
challenging due to its double dispersion property in both
long time delay and large Doppler spread, resulting in the
severe multipath spread and time variation, especially for
the SWAC [27]. Since the OCDM communication system
is a typical wideband system, where Doppler shifts each
frequency component by a different amount. Here, a more
generalized channel model(i.e., uniform path speed model)
is applied to formulate the transmission of OCDM signals in
SWAC.

In the uniform path speed model, a constant relative speed
between the transmitter and receiver is assumed by the
dominant arrival path. Additionally, a Doppler expansion is
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utilized with the same ratio which leads to the same scaling
ratio while the absolute Doppler spread may differ from
different frequencies. Therefore, the following context will
be categorized into the following two parts: Doppler analysis
and multipath analysis of OCDM in SWAC.

A. DOPPLER ANALYSIS OF OCDM IN SWAC

In shallow water acoustic channel, the determinant Doppler
originated from uniform relative speed is far larger than
the random speed from current, ocean surface fluctuation,
floating matters in the water column, etc. Therefore, the uni-
form relative speed will be primarily considered in the paper.
Introduced from the uniform path speed model, the channel
between transmission signal s (¢) and received signal r (¢) can
be expressed as follows:

r)=uas[D(t—1t(())] (13)

where the channel exists a constant Doppler i.e. radial veloc-
ity v, a represents amplitude factor, D = ¢/ (c + v) is the
scaling factor from Doppler, and 7 (¢) is the time delay. Sub-
stituting equation 1 into the above expression, the received
signal of the OCDM sub-carrier is thus:
7jnT%<(Dt)272nD%“t)e].¢n (14)

with¢, = —m (N/Tuz) -(nT,/N)?* = —mn®/N is the phase
related to wave-number. Compared between equation 1(with-
out Doppler) and equation 14(with Doppler), it can be con-
cluded that the Doppler changes chirp rate from N/ Tu2 to
D*N/ Tu2 as well as changes center frequency from 21T, /N to
2nDT,/N. In a realistic underwater acoustic communication
scenario, the Doppler scaling factor D remains very close to
1 with large velocity(i.e., D ~ 0.996 when relative radial
velocity equals 10 m/s). Therefore, the following expressions
assume that the Doppler only exists on the changes of the
center frequency. For simplicity, the phase related to the
sub-carrier will not be involved.

(1) = ae

. N 2 Tu Tu
—,n—(z —on(D—1) T p 12 Tuy
(1) = ae Ti N N

) o
S(1 .2

_ aej(iut +w0t+wdt) (15)

where u = 2Nn/ Tu2 is the chirp rate of the chirp signal and

wgq = 2nm (D — 1) /T, is the frequency shift due to Doppler.

Convert above expression into frequency domain:

Ty
3 PRV

R, (@) = a/T e][(w°+wd )tz ]dt
Tu

i . w—wn—w, 2 w—w, 7&){ 2
=a/T2 ej%[<t_ ) (o l”dt (16)

2
Utilizing changing the upper and lower limits bond of
the integration as well as the symmetric property of Fresnel
O~ ) in (16):

integration, substitute %xz =4 (t _

i v
Ry, (w) =a /zeﬁ(wfwofwd)zf e T dx
w -1
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—a zei{(w—wo—wd)z
V
%) V2
. |:/ cos <%x2) dx + i/ sin (%xz) dxj|

—V] —V1
a7

where the upper and lower limit of the integration can be
written as:
—uT/2 — (0w — wy — wa)
VT
T/2 - (w—wo—
by BT/2 = (@ —on— o) s
VT

Expand the brackets in (17) for the further details:
v T, -V T,
[]:f cos(—x)dx—/ cos(—x)dx
0 2 0 2
%) -V
+i |:/ sin <1x2> dx — / sin (zx2) dxi|
0 2 0 2

=c() —c(=v) +ils(v2) —s(=v1)] 19)

Itis obvious that both ¢ (v) and s (v) are Fresnel integration:

c(v) = /v cos (%x2> dx
0

[T (T2
s(v)_/o sm(2x>dx (20)

According to the odd symmetry property of Fresnel inte-
gration(i.e., ¢ (v) = —c(—v) and s (v) = —s(—v) ), substi-
tute (19) into (17):

Ry, (w) =a /zeZ;j(“’_“’o_“"")2
7

Ale @) + ¢ ] +ils (1) +5 ()]}
=a ze%(w—wo—wd)2+arctan ig;;:gg;
V
1

Alewn+eenP +itson +s0P}" @n

Reminding that the OCDM is a combination of LFM
signals, the product of time duration and signal bandwidth
BT is far beyond 1 in most circumstances. According to the
mathematical inference in the previous article [28], [29], The
OCDM signal with Doppler shift in the frequency domain can
be achieved as follows:

2
2 ./[7(“*‘”9;“’” +%]
R, (w) =a | —e (22)
u

On the other hand, the frequency response of a Linear
Frequency Modulation signal with ideal match filter can be
referred as H (w) = exp[j((“’_“’(’)z/ 2u—ota+7/4)] where 4 is
the time delay of match filter. Therefore, the result of received
OCDM signal after ideal match filter can be written as:

Vi

Yy (@) = Ry (0) H (w)

2 [ Qo—2wy—wg)og
=a /%e’[ 7 o (23)
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Convert Y, (w) in time domain:

1 o ;
Yn (1) = — / Yy () “'dw
27 J_ o

sin T(t—t+%> 2]
_ aTu i I:I'L u d m / eij(t—td)
7T, (- 2) 2

(24)

The envelope of the non-Doppler(i.e. w; = 0) match filter
can be expressed as:

| o sin[uTy (t —tq) /2]
0=l S T = 0) /2 @

Comparing between (24) and (25), it can be concluded that
the existence of Doppler shifts introduce a time shift #;, =
wg/n = 2w (D—1)/uT, to the envelope of match filter
time domain result, which is irrelevant to the wave-number
of OCDM sub-carrier. Therefore, all sub-carriers share the
same time shift 7, where the orthogonal property of OCDM
remains stable and no inter-carrier interference introduces to
OCDM signal.

In the following simulation, a Doppler estimation sequence
is deployed at the beginning of the OCDM signal. Doppler
compensation can be proceeded from signal compression rate
or expansion rate by mentioned Doppler estimation sequence
and no residual Doppler remains, which is difficult to com-
pensate in OFDM. It can be concluded that OCDM decreases
the complexity of Doppler estimation and compensation of
underwater acoustic communication system.

B. MULTIPATH ANALYSIS OF OCDM IN SWAC
According to the uniform path speed model, the multi-path
channel without Doppler as follows:

L
dar -1 (1) (26)

=1

hit,7) =

where L is the amount of multipath(i.e., the number of chan-
nel taps), a; (t) is the amplitude factor of /-th channel tap,
and 77 () is the time delay of /-th channel tap. In the scenario
of shallow water multi-carrier acoustic communication, the
center frequency is high enough to assume amplitude remains
constant in a single frame. Substitute (1) into (26):

r(t)—Zal Z Jﬂzttl

Thus, the demodulation result from (2) can be written:

Xm = /r(t) Yo dt
/ZaIane u(t ! nN)ze B u(t mN)zdt
= /Zalxneiz”ﬁtdt
=1
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FIGURE 3. BCH1 channel environment.

(28)

In the above expression, the first item represents the
direct arrival component, which contains the desired data
for the following demodulation process. The second item
is the multipath interference(i.e., ISI), which involves
three parts: ICI term exp (—jm (m* —n?) /N), an expo-
nential term exp (—j2n (N/Tz) (t —nT,/N) 1'1), and 6, =
T N/ T2 related to multipath delay t;.

In the case of m = n(i.e., ICI free), desired data X,,, can be
estimated from m-th direct arrival component. Where m # n,
the summation in the second term over sub-carriers attenuates
as sinc function for a specific time delay t;. Moreover, the
ICI term and exponential term introduce additional decay
of multipath interference according to the channel delay t;.
Therefore, OCDM can achieve better SNR performance for
the above-mentioned attenuation on multipath component,
while multipath interference accumulates at sub-carrier fre-
quencies in OFDM.

IV. SIMULATION OF OCDM IN SWAC

In this section, the underwater acoustic communication
system with OCDM is simulated over Watermark BCH1
channel. The BCH1 channel implements a replayed channel
simulator driven by at-sea measurements of the time-varying
CIR. As shown in Fig. 3, the BCHI1 channel is located at
the commercial harbor of Brest, France. TX is the source
hydrophone and RX is a 4-element array lowered into the
water column. A single probe transmission over a range of
800 m resulted in a 59.4 s channel estimate, simultaneously
recorded on the four hydrophones [30].

The water depth of the BCH1 channel is around 20 m,
which is a typical shallow water acoustic channel. Mean-
while, BCH1 channel is considered an ideal channel for
multipath simulation because the water column in the harbor
is relatively stable leading to a small Doppler shift around —1
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FIGURE 4. The CIR variation profile of BCH1 shallow water acoustic
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FIGURE 5. The power delay profile of BCH1 shallow water acoustic
channel.

to 1 Hz. In the case of Doppler simulation, a fixed Doppler
shift or a uniform Doppler scale factor can be easily imported.
The CIR of channel is shown in Fig. 4 and Fig. 5.

The CIR of channel is shown in Fig. 4 and Fig. 5. It can be
concluded that the dominant arrival carries most of the energy
and the energy of the following echos with different time
delay decay exponentially. The difference between direct
arrival and the first echo reaches around 20dB. Therefore, the
BCHI1 channel is a classic shallow water acoustic channel
with lots of multipath components and small variations in
time. The simulation parameters are listed in Table. 1.

In the case of multipath scenario, the performances of MSE
and BER are plotted respectively in Fig. 6 and Fig. 7. It can
be concluded that OCDM provided a MSE enhancement
compared with OFDM on the BCH1 channel in the multipath
scenario. In Fig. 6, in the low SNR region, OCDM and
OFDM have the same MSE, however, in the high SNR region,
OCDM can achieve better performance than OFDM. In other
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TABLE 1. Parameters of the BCH1 simulation.

fe Center carrier frequency 35 kHz
fs Sample frequency in passband 100 kHz
Bandwidth for bseeband signal 4 kHz
M Constellation order 4 (QPSK)
gr Fec coder (117,134),
Rc FEC rate 1/2 (LDPC)
N Number of waveforms 256 /512
Ny Number of data blocks per frame |3
Rcp Cyclic prefix ratio 0.25
Ty Guard interval time 256 ms
Ty Frame time length 576ms/896ms
—%— OCDM-256
—— OFDM-256
R —&— OCDM-512
\ —©— OFDM-512
\
_2 |- ) -
g
B
5]
- 37 7
E
g
o
0 _4 |- -
c
g
E 5L ]
B8 =5
o7 F x
8F |
9k 3

SNR (dB)

FIGURE 6. BCH1 Simulation results of mean squared error with
estimated SNR in multipath scenario.
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FIGURE 7. BCH1 Simulation results of bit error rate with estimated SNR in
multipath scenario.

words, OCDM can achieve the same MSE as OFDM with
lower SNR (around 6 dB SNR enhancement when MSE =
—6 dB).

This MSE gain is logically converted to BER enhancement,
as shown in Fig. 7. The SNR enhancement in OCDM remains
6 dB corresponding to MSE result. Additionally, one can
note that the BER gain is getting higher as the number of
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FIGURE 8. BER results of BCH1 shallow water acoustic channel in
Doppler scenario.
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FIGURE 9. Constellation Plot for OCDM and OFDM with SNR=15dB.

sub-carriers N decreases. This phenomenon demonstrates
that OCDM can achieve better robustness from multipath
echos for the energy is interfered with each other. On the
contrary, the interference is superimposing in the OFDM
situation.
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FIGURE 10. Constellation Plot for OCDM and OFDM with SNR=25dB.

In the case of the Doppler scenario, different Doppler shifts
are introduced manually in the signal receiving part. The
performance of BER is plotted in Fig. 8. Compared with the
result in multipath scenario(i.e. no Doppler shift), it can be
inferred that with the increase of Doppler shift, BER per-
formance of both OCDM and OFDM are decreasing, while
OCDM can maintain a relatively low BER below 102, With
different Doppler shifts, OCDM remains strong robustness
against Doppler, while OFDM diverges with the increasing
Doppler shift. OCDM outperforms OFDM in the tolerance
of Doppler shift, which can be verified by (25).

Fig. 9 and Fig. 10 are the constellation scatter figures under
SNR=15 dB and SNR=25 dB respectively, with the increas-
ing Doppler shift, the decoded data from OCDM shows
the consensus stability. Meanwhile, the decoded data from
OFDM diverges along with the increasing Doppler shifts,
which is corresponding to Fig. 8. It can be concluded from the
above-mentioned figures that the OCDM can achieve better
BER performance in high SNR conditions, where the SNR
enhancement is around 6 to 7 dB.

V. CONCLUSION

In shallow water acoustics communication, OCDM has been
proved as a reliable approach for its high spectrum effi-
ciency as well as Doppler and multi-path robustness. In this
paper, the combination of OCDM and shallow water acoustic

VOLUME 10, 2022



B. Yiqi, H. Chuanlin: Analysis of Doppler and Multipath on Orthogonal Chirp Division Multiplexing in Shallow Water Acoustic Channel

IEEE Access

uniform path speed channel model is formulated leading
to the analysis on both Doppler and multipath of OCDM.
With respect to Doppler, the orthogonal property of OCDM
remains stable and no inter-carrier interference introduces
to the OCDM signal for all sub-carriers in OCDM sharing
the same time shift. Meanwhile, the multipath interference
component in OCDM attenuates instead of accumulating
at sub-carrier frequencies in OFDM. Based on the Water-
Mark simulation, the data from BCH1 channel demonstrates
that OCDM can boost the decoding SNR and significantly
enhance the decoding performance. The SNR enhancement
can achieve 6 to 7 dB at SNR=25 dB and BER reaches below
102 at 4Hz Doppler shift.
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