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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 andDoppler shift. This study reviews the concepts of Orthogonal ChirpDivision
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.
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INDEX TERMS Orthogonal chirp division multiplexing, shallow water acoustic channel, under water
acoustic communication.

I. INTRODUCTION14

The underwater acoustic channel is considered one of the15

most difficult wireless communication channels for multipath16

transmission, time variation, limited bandwidth, and Doppler17

shift [1]. Especially for shallow water acoustic channel, the18

above-mentioned characteristics make signal vary severely19

in time and selective fading in the frequency domain [2].20

In order to achieve a high transmission rate and high Under-21

water Acoustic Communication (UAC) system performance,22

the design of the system should balance spectrum efficiency23

and robustness [3].24

At present, high-speed UAC systems employing single-25

carrier and multi-carrier modulation techniques have been26

widely examined [4]. Orthogonal Frequency Division Mul-27
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tiplexing (OFDM) is a multi-carrier modulation method that 28

is extensively applied in UAC system for high spectrum effi- 29

ciency, low computational complexity, and easily equipped 30

with Fast Fourier Transform [5]. In the application of under- 31

water acoustic communication, lots of OFDM-based tech- 32

niques such as channel coding [6], channel estimation [7], 33

time synchronization [8], and Doppler compensation [9] 34

are investigated in the last decades. Therefore, high-speed 35

OFDM in UAC is boosted in the aspect of communication 36

distance as well as communication robustness [10]. However, 37

the performance of OFDM in UAC is limited by the sensi- 38

tivity to Doppler shift, which will destroy the orthogonality 39

of the sub-carriers. As a result, an inter-carrier interference 40

(ICI) compensation algorithm such as Doppler shift correc- 41

tion is usually required, which will add to the complexity 42

of the OFDM system [11], [12]. On the other hand, the 43

Linear Frequency Modulation (LFM) signal is resistant to 44
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the detrimental effects of shallow water acoustic channel.45

Bymodulating information via a broad spectrum LFM signal,46

Chirp Spread Spectrum (CSS) modulation technique offers47

robust performance with a simple matched filtering-based48

decoder, which can achieve high processing gain as well49

as high multipath resolution [13]. Therefore, CSS is very50

attractive for a low data rate UWAC system when reliability51

is considered a priority factor.52

Recently, a novel technique termedOrthogonal Chirp Divi-53

sion Multiplexing (OCDM) has been proposed for coher-54

ent optical communication system [14]. OCDM consists of55

multiplexing a number of chirp waveforms that are mutually56

orthogonal with each other and share the same bandwidth and57

time slot, achieving good robustness against multipath and58

Doppler shift [15]. The essence of OCDM is substituting sen-59

sitive sub-carriers in OFDM for insensitive sub-carriers(i.e.60

LFM) [16]. Additionally, OCDM can achieve better per-61

formance with a similar peak-to-average power ratio and62

spectral efficiency compared with OFDM [17]. Up to now,63

OCDM is widely used in optical fiber communication [18],64

[19], transferometric power line sensing [20], and underwater65

acoustic communication [21]. In reference [21], a UAC sys-66

tem based onOCDM is proposed and the system performance67

on an under-loaded scenario is investigated which shows68

a promising bit error rate (BER) compared to traditional69

OFDM. Up to now, the research of OCDM in UAC is mainly70

focused on channel equalization algorithms [22], [23], [24]71

and extending OCDM to MIMO system [25]. However, the72

above-mentioned results are described with respect to the73

signal domain and lack quantitative analysis on Doppler and74

multipath effects when introducing OCDM to the SWAC75

model. The purpose of this paper is to study the Doppler76

and multipath resistance of the OCDM system, which is a77

necessary and solid complement for OCDMapplication in the78

further development of underwater acoustic communication.79

The structure of this paper is organized as follows:80

section 2 describes the OCDM principles whereas section 381

presents the Doppler and multipath analysis of OCDM in82

SWAC. In section 4, the performance results of both OCDM83

and OFDM systems over a static and dynamic channel84

are provided. Finally, the conclusions are summarized in85

section 5.86

II. PRINCIPLES OF OCDM87

A. OCDM BASIS88

Similar to OFDM based on Fourier Transform, the principles89

of OCDM originated from the Fresnel Transform, which is90

an important transform in the Linear Canonical Transform91

(LCT). The kernel of OCDM modulation is based on a set92

of orthogonal chirp signals while mutually overlapping in the93

time domain and the frequency domain. Define the quadratic94

exponential waveforms ψn (t) with chirp wave-number n ∈95

[0,N − 1] temporally limited on symbol duration Tu, such96

as:97

ψn (t) = e
π
4 e
−jπ N

T2u

(
t−n TuN

)2
0 ≤ t < Tu (1)98

FIGURE 1. OCDM chirp waveforms for N=16.

As an example, a 16-chirpedOCDMsystem is illustrated in 99

Fig. 1, where the real part of chirped waveforms is depicted in 100

a solid line, whereas the dashed line stands for the imaginary 101

part. It is obvious that these sets of chirp waves share the same 102

chirp rate α = N/T 2
u leading to a bandwidth B = N/Tu. The 103

sub-carriers of the OCDM multi-carrier modulation system 104

are mutually orthogonal in the chirp domain, which can be 105

easily verified as follows: 106∫ Tu

0
ψ∗m (t) ψn (t) dt 107

=

∫ Tu

0
e
jπ N

T2u

(
t−m Tu

N

)2
e
−jπ N

T2u

(
t−n TuN

)2
dt 108

=

{
1 if m=n
0 instead

(2) 109

Similar to OFDM, both amplitude and phase information 110

can be modulated. In the time domain, the baseband trans- 111

mission signal for the OCDM block k labeled as sk (t) can 112

be obtained by multiplexing these N waveforms over the 113

duration T . This set of waveform ismultiplied by a quadrature 114

amplitude modulation (QAM) cell xnk that carrying the useful 115

information: 116

sk (t) =
N−1∑
n=0

xnkψn (t) , t ∈ [0,Tu] (3) 117

In underwater acoustic communication, there exist severe 118

multipath propagation in the wireless channel, especially 119

in shallow water acoustic channel. In order to prevent 120

inter-symbol interference (ISI), a cyclic prefix (CP) with 121

time scale TCP is added at the beginning of each OCDM 122

block signal. The time duration TCP should cover the delay 123

spread of the current channel, which prolongs the baseband 124
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transmission signal as follows:125

sk (t) =


sk (t + Tu − TCP) 0 ≤ t < TCP
sk (t − TCP) TCP ≤ t < T
0 else

(4)126

The total time duration of the OCDM baseband transmis-127

sion signal is T = Tu + TCP, therefore, K OCDM symbols128

can be written as:129

s (t) =
K−1∑
k=0

sk (t − kT ) (5)130

In the demodulation part of OCDM, utilizing the orthogo-131

nal properties of OCDM sub-carrier ψn (t) concluded from132

(2), the transmission data x̂nk can be achieved by applying133

match filter to received signal r (t):134

x̂nk =
∫ Tu

0
r (t − kT + TCP) ψ∗n (t) dt (6)135

B. OCDM IN DIGITAL STRUCTURE136

Equations (3) and (4) realize the analog signals for OCDM,137

the digital signal of OCDMmodulation is performed by using138

inverse discrete Fresnel transform (IDFnT), as shown in [26].139

In fact, sampling (3) at mTu/N yields:140

skm = sk (t )t=m Tu
N
=

N−1∑
n=0

xknψn (mTu/N )141

= ej
π
4

N−1∑
n=0

xkn e
−j πN (m−n )

2
(7)142

From the above expression, the concise matrix form of143

OCDM modulation can be expressed as:144

s = 8Hx (8)145

with s = [s1,k · · · sN ,k ]T , x = [x1,k · · · xN ,k ]T and unitary146

DFnT matrix 8 ∈ CN×N defined as follows:147

{8}m,n =
1
√
N
e−j

π
4 ej

π
N (m−n)

2
(9)148

As a result, the baseband OCDM signal s with loaded data149

x is achieved by DFnT matrix 8. However, the process of150

demodulating signals with DFnT/IDFnT requires excessive151

computational complexity
(
≈ O

(
N 2
))

that cannot be rapidly152

deployed to offshore devices such as buoys. In order to153

reduce the computational complexity, in [15], the authors154

present a compensation matrix to implement DFnT/IDFnT155

with discrete Fourier transform
(
≈ O

(
N logN2

))
. Thus, the156

OCDM demodulation can be realized from the following157

expression by an existing OFDM system without an increase158

of complexity.159

y = F · r = 0H3Fx+ w (10)160

where F is the Fourier matrix of size N , 0 and 3 are both161

diagonal matrices of size N ×N . In the case of N being even:162

0n,n = e−j
π
N n

2
(11)163

FIGURE 2. OCDM decoder structure.

3n,n = Hn (12) 164

In the above expressions, Hn is the channel frequency 165

response (CFR) of the channel at the n-th frequency bin. 166

Additionally, w is the noise vector assumed Gaussian with 167

zero mean and variance noted σ 2
w. From the above-mentioned 168

procedure, the decoder structure of OCDM with MMSE 169

channel estimation and soft decision algorithm can be sum- 170

marized as Fig. 2. 171

To illustrate the differences between the presented OCDM 172

and traditional OFDM, the comparison will elaborate as 173

follows: 174

. The complementation of OCDM is based on the Dis- 175

crete Fresnel Transform and OFDM is based on Discrete 176

Fourier Transform. 177

. The waveform of sub-carriers in OCDM is the LFM 178

signal(wideband signal, modulated in both time and 179

frequency domain) while OFDM is a single frequency 180

signal(modulated in frequency domain). 181

. The computational complexity of OCDM is O
(
N 2
)
, 182

whereas that of OFDM is O
(
N logN2

)
183

. The modulation/demodulation process of OCDM can be 184

achieved in the time domain while OFDM is achieved in 185

the frequency domain. 186

III. ANALYSIS OF OCDM IN SHALLOW WATER ACOUSTIC 187

CHANNEL 188

As known that the underwater acoustic channel is most 189

challenging due to its double dispersion property in both 190

long time delay and large Doppler spread, resulting in the 191

severe multipath spread and time variation, especially for 192

the SWAC [27]. Since the OCDM communication system 193

is a typical wideband system, where Doppler shifts each 194

frequency component by a different amount. Here, a more 195

generalized channel model(i.e., uniform path speed model) 196

is applied to formulate the transmission of OCDM signals in 197

SWAC. 198

In the uniform path speed model, a constant relative speed 199

between the transmitter and receiver is assumed by the 200

dominant arrival path. Additionally, a Doppler expansion is 201
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utilized with the same ratio which leads to the same scaling202

ratio while the absolute Doppler spread may differ from203

different frequencies. Therefore, the following context will204

be categorized into the following two parts: Doppler analysis205

and multipath analysis of OCDM in SWAC.206

A. DOPPLER ANALYSIS OF OCDM IN SWAC207

In shallow water acoustic channel, the determinant Doppler208

originated from uniform relative speed is far larger than209

the random speed from current, ocean surface fluctuation,210

floating matters in the water column, etc. Therefore, the uni-211

form relative speed will be primarily considered in the paper.212

Introduced from the uniform path speed model, the channel213

between transmission signal s (t) and received signal r (t) can214

be expressed as follows:215

r (t) = as [D (t − τ (t))] (13)216

where the channel exists a constant Doppler i.e. radial veloc-217

ity v, a represents amplitude factor, D = c/ (c+ v) is the218

scaling factor from Doppler, and τ (t) is the time delay. Sub-219

stituting equation 1 into the above expression, the received220

signal of the OCDM sub-carrier is thus:221

rn (t) = ae
−jπ N

T2u

(
(Dt)2−2nD Tu

N t
)
ejφn (14)222

with φn = −π
(
N/T 2

u
)
·(nTu/N )2 = −πn2/N is the phase223

related to wave-number. Compared between equation 1(with-224

out Doppler) and equation 14(with Doppler), it can be con-225

cluded that the Doppler changes chirp rate from N/T 2
u to226

D2N/T 2
u as well as changes center frequency from 2nTu/N to227

2nDTu/N . In a realistic underwater acoustic communication228

scenario, the Doppler scaling factor D remains very close to229

1 with large velocity(i.e., D ≈ 0.996 when relative radial230

velocity equals 10 m/s). Therefore, the following expressions231

assume that the Doppler only exists on the changes of the232

center frequency. For simplicity, the phase related to the233

sub-carrier will not be involved.234

rn (t) = ae
−jπ N

T2u

(
t2−2n(D−1) TuN t+2n TuN t

)
ejφn235

= ae
j
(
1
2µt

2
+ω0t+ωd t

)
(15)236

where µ = 2Nπ/T 2
u is the chirp rate of the chirp signal and237

ωd = 2nπ (D− 1) /Tu is the frequency shift due to Doppler.238

Convert above expression into frequency domain:239

Rn (ω) = a
∫ Tu

2

Tu
2

e
j
[
(ω0+ωd−ω)t+ 1

2µt
2
]
dt240

= a
∫ Tu

2

Tu
2

e
jµ2

[(
t− ω−ω0−ωd

µ

)2
−

(
ω−ωd−ωd

µ

)2]
dt (16)241

Utilizing changing the upper and lower limits bond of242

the integration as well as the symmetric property of Fresnel243

integration, substitute π
2 x

2
=

µ
2

(
t − ω−ω0−ωd

µ

)
in (16):244

Rn (ω) = a
√
π

µ
e
−j
2µ (ω−ω0−ωd )

2
∫ v2

−v1
eiπ

x2
2 dx245

= a
√
π

µ
e
−j
2µ (ω−ω0−ωd )

2
246

·

[∫ v2

−v1
cos

(π
2
x2
)
dx + i

∫ v2

−v1
sin
(π
2
x2
)
dx
]

247

(17) 248

where the upper and lower limit of the integration can be 249

written as: 250

v1 =
−µT/2− (ω − ω0 − ωd )

√
πµ

251

v2 =
µT/2− (ω − ω0 − ωd )

√
πµ

(18) 252

Expand the brackets in (17) for the further details: 253

[ ] =
∫ v2

0
cos

(π
2
x2
)
dx −

∫
−v1

0
cos

(π
2
x2
)
dx 254

+ i
[∫ v2

0
sin
(π
2
x2
)
dx −

∫
−v1

0
sin
(π
2
x2
)
dx
]

255

= c (v2)− c (−v1)+ i [s (v2)− s (−v1)] (19) 256

It is obvious that both c (v) and s (v) are Fresnel integration: 257

c (v) =
∫ v

0
cos

(π
2
x2
)
dx 258

s (v) =
∫ v

0
sin
(π
2
x2
)
dx (20) 259

According to the odd symmetry property of Fresnel inte- 260

gration(i.e., c (v) = −c (−v) and s (v) = −s (−v) ), substi- 261

tute (19) into (17): 262

Rn (ω) = a
√
π

µ
e
−j
2µ (ω−ω0−ωd )

2
263

· {[c (v1)+ c (v2)]+ i [s (v1)+ s (v2)]} 264

= a
√
π

µ
e
−j
2µ (ω−ω0−ωd )

2
+arctan s(v1)+s(v2)

c(v1)+c(v2) 265

·

{
[c (v1)+ c (v2)]2 + i [s (v1)+ s (v2)]2

} 1
2

(21) 266

Reminding that the OCDM is a combination of LFM 267

signals, the product of time duration and signal bandwidth 268

BT is far beyond 1 in most circumstances. According to the 269

mathematical inference in the previous article [28], [29], The 270

OCDM signal with Doppler shift in the frequency domain can 271

be achieved as follows: 272

Rn (ω) = a

√
2π
µ
e
j
[
(ω−ω0−ωd )

2

2µ +
π
4

]
(22) 273

On the other hand, the frequency response of a Linear 274

Frequency Modulation signal with ideal match filter can be 275

referred as H (ω) = exp
[
j
(
(ω−ω0)

2/2µ−ωtd+π/4
)]
, where td is 276

the time delay of match filter. Therefore, the result of received 277

OCDM signal after ideal match filter can be written as: 278

Yn (ω) = Rn (ω)H (ω) 279

= a

√
2π
µ
e
j
[
(2ω−2ω0−ωd )ωd

2µ −ωtd
]

(23) 280
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Convert Yn (ω) in time domain:281

yn (t) =
1
2π

∫
∞

−∞

Yn (ω) ejωtdω282

= aTu

√
µ

2π

sin
[
µTu

(
t − td +

ωd
µ

)
/2
]

µTu
(
t − td +

ωd
µ

)
/2

ejω0(t−td )283

(24)284

The envelope of the non-Doppler(i.e. ωd = 0) match filter285

can be expressed as:286

yn (t) = aTu

√
µ

2π
sin [µTu (t − td ) /2]
µTu (t − td ) /2

(25)287

Comparing between (24) and (25), it can be concluded that288

the existence of Doppler shifts introduce a time shift t ′d =289

ωd/µ = 2π (D− 1) /µTu to the envelope of match filter290

time domain result, which is irrelevant to the wave-number291

of OCDM sub-carrier. Therefore, all sub-carriers share the292

same time shift t ′d , where the orthogonal property of OCDM293

remains stable and no inter-carrier interference introduces to294

OCDM signal.295

In the following simulation, a Doppler estimation sequence296

is deployed at the beginning of the OCDM signal. Doppler297

compensation can be proceeded from signal compression rate298

or expansion rate by mentioned Doppler estimation sequence299

and no residual Doppler remains, which is difficult to com-300

pensate in OFDM. It can be concluded that OCDM decreases301

the complexity of Doppler estimation and compensation of302

underwater acoustic communication system.303

B. MULTIPATH ANALYSIS OF OCDM IN SWAC304

According to the uniform path speed model, the multi-path305

channel without Doppler as follows:306

h (t, τ ) =
L∑
l=1

al (t) δ (t − τl (τ )) (26)307

where L is the amount of multipath(i.e., the number of chan-308

nel taps), al (t) is the amplitude factor of l-th channel tap,309

and τl (t) is the time delay of l-th channel tap. In the scenario310

of shallow water multi-carrier acoustic communication, the311

center frequency is high enough to assume amplitude remains312

constant in a single frame. Substitute (1) into (26):313

r (t) =
L∑
l=1

al
1
√
N

N−1∑
n=0

xne
jπ N

T2u

(
t−tl−n

Tu
N

)2
+ n (t) (27)314

Thus, the demodulation result from (2) can be written:315

x̂m =
∫
r (t) ψ∗mdt316

=

∫ L∑
l=1

al
N−1∑
n=0

xne
jπ N

T2u

(
t−tl−n

Tu
N

)2
e
−jπ N

T2u

(
t−m Tu

N

)2
dt317

=

∫ L∑
l=1

a1xne
j2π m−n

Tu
tdt318

FIGURE 3. BCH1 channel environment.

+

∫ L∑
l=2

al
N−1∑
n=0

xne
−j2π N

T2u

(
t−n TuN

)
τl
e−jπ

(m2−n2)
N ejθldt 319

(28) 320

In the above expression, the first item represents the 321

direct arrival component, which contains the desired data 322

for the following demodulation process. The second item 323

is the multipath interference(i.e., ISI), which involves 324

three parts: ICI term exp
(
−jπ

(
m2
− n2

)
/N
)
, an expo- 325

nential term exp
(
−j2π

(
N/T 2

u
)
(t − nTu/N ) τl

)
, and θl = 326

πτ 2l N/T
2
u related to multipath delay τl . 327

In the case of m = n(i.e., ICI free), desired data x̂m can be 328

estimated from m-th direct arrival component. Where m 6= n, 329

the summation in the second term over sub-carriers attenuates 330

as sinc function for a specific time delay τl . Moreover, the 331

ICI term and exponential term introduce additional decay 332

of multipath interference according to the channel delay τl . 333

Therefore, OCDM can achieve better SNR performance for 334

the above-mentioned attenuation on multipath component, 335

while multipath interference accumulates at sub-carrier fre- 336

quencies in OFDM. 337

IV. SIMULATION OF OCDM IN SWAC 338

In this section, the underwater acoustic communication 339

system with OCDM is simulated over Watermark BCH1 340

channel. The BCH1 channel implements a replayed channel 341

simulator driven by at-sea measurements of the time-varying 342

CIR. As shown in Fig. 3, the BCH1 channel is located at 343

the commercial harbor of Brest, France. TX is the source 344

hydrophone and RX is a 4-element array lowered into the 345

water column. A single probe transmission over a range of 346

800 m resulted in a 59.4 s channel estimate, simultaneously 347

recorded on the four hydrophones [30]. 348

The water depth of the BCH1 channel is around 20 m, 349

which is a typical shallow water acoustic channel. Mean- 350

while, BCH1 channel is considered an ideal channel for 351

multipath simulation because the water column in the harbor 352

is relatively stable leading to a small Doppler shift around−1 353
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FIGURE 4. The CIR variation profile of BCH1 shallow water acoustic
channel.

FIGURE 5. The power delay profile of BCH1 shallow water acoustic
channel.

to 1 Hz. In the case of Doppler simulation, a fixed Doppler354

shift or a uniformDoppler scale factor can be easily imported.355

The CIR of channel is shown in Fig. 4 and Fig. 5.356

The CIR of channel is shown in Fig. 4 and Fig. 5. It can be357

concluded that the dominant arrival carries most of the energy358

and the energy of the following echos with different time359

delay decay exponentially. The difference between direct360

arrival and the first echo reaches around 20dB. Therefore, the361

BCH1 channel is a classic shallow water acoustic channel362

with lots of multipath components and small variations in363

time. The simulation parameters are listed in Table. 1.364

In the case of multipath scenario, the performances ofMSE365

and BER are plotted respectively in Fig. 6 and Fig. 7. It can366

be concluded that OCDM provided a MSE enhancement367

compared with OFDM on the BCH1 channel in the multipath368

scenario. In Fig. 6, in the low SNR region, OCDM and369

OFDMhave the sameMSE, however, in the high SNR region,370

OCDM can achieve better performance than OFDM. In other371

TABLE 1. Parameters of the BCH1 simulation.

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

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 372

lower SNR (around 6 dB SNR enhancement when MSE = 373

−6 dB). 374

ThisMSE gain is logically converted to BER enhancement, 375

as shown in Fig. 7. The SNR enhancement in OCDM remains 376

6 dB corresponding to MSE result. Additionally, one can 377

note that the BER gain is getting higher as the number of 378
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FIGURE 8. BER results of BCH1 shallow water acoustic channel in
Doppler scenario.

FIGURE 9. Constellation Plot for OCDM and OFDM with SNR=15dB.

sub-carriers N decreases. This phenomenon demonstrates379

that OCDM can achieve better robustness from multipath380

echos for the energy is interfered with each other. On the381

contrary, the interference is superimposing in the OFDM382

situation.383

FIGURE 10. Constellation Plot for OCDM and OFDM with SNR=25dB.

In the case of the Doppler scenario, different Doppler shifts 384

are introduced manually in the signal receiving part. The 385

performance of BER is plotted in Fig. 8. Compared with the 386

result in multipath scenario(i.e. no Doppler shift), it can be 387

inferred that with the increase of Doppler shift, BER per- 388

formance of both OCDM and OFDM are decreasing, while 389

OCDM can maintain a relatively low BER below 10−2. With 390

different Doppler shifts, OCDM remains strong robustness 391

against Doppler, while OFDM diverges with the increasing 392

Doppler shift. OCDM outperforms OFDM in the tolerance 393

of Doppler shift, which can be verified by (25). 394

Fig. 9 and Fig. 10 are the constellation scatter figures under 395

SNR=15 dB and SNR=25 dB respectively, with the increas- 396

ing Doppler shift, the decoded data from OCDM shows 397

the consensus stability. Meanwhile, the decoded data from 398

OFDM diverges along with the increasing Doppler shifts, 399

which is corresponding to Fig. 8. It can be concluded from the 400

above-mentioned figures that the OCDM can achieve better 401

BER performance in high SNR conditions, where the SNR 402

enhancement is around 6 to 7 dB. 403

V. CONCLUSION 404

In shallow water acoustics communication, OCDM has been 405

proved as a reliable approach for its high spectrum effi- 406

ciency as well as Doppler and multi-path robustness. In this 407

paper, the combination of OCDM and shallow water acoustic 408
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uniform path speed channel model is formulated leading409

to the analysis on both Doppler and multipath of OCDM.410

With respect to Doppler, the orthogonal property of OCDM411

remains stable and no inter-carrier interference introduces412

to the OCDM signal for all sub-carriers in OCDM sharing413

the same time shift. Meanwhile, the multipath interference414

component in OCDM attenuates instead of accumulating415

at sub-carrier frequencies in OFDM. Based on the Water-416

Mark simulation, the data from BCH1 channel demonstrates417

that OCDM can boost the decoding SNR and significantly418

enhance the decoding performance. The SNR enhancement419

can achieve 6 to 7 dB at SNR=25 dB and BER reaches below420

10−2 at 4Hz Doppler shift.421
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