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Abstract: Low-density parity-check (LDPC) codes are commonly used in communication systems to
improve the system performance, but LDPC codes takes too long for decoding, making communica-
tion inefficient and unsuitable for short-frame data transmission methods. In underwater acoustic
channels, spread-spectrum communication becomes an effective way to realize long-distance com-
munication. This paper combines short-block LDPC codes with a direct sequence spread spectrum
and soft spread spectrum in underwater acoustic communication, addressing the problem of the
inapplicability of conventional LDPC codes. The applicability of the proposed method in this paper
is verified through simulation tests and pool experiments. The results indicate that the proposed
communication system achieves lower bit error rates compared to the classical coding methods used

in underwater acoustic spread-spectrum communication systems under the same channel conditions.

Keywords: underwater acoustic communication; spread-spectrum communication; short-block
LDPC codes

1. Introduction

Underwater acoustic channels are complex and variable [1-3], and spread-spectrum
communication techniques [4-6] are often used for robust acoustic communication. Con-
sidering the low-latency requirements of the communication system and the frame data
volume of underwater acoustic spread-spectrum systems, short-block-length code is gener-
ally preferable in terms of its decoding latency and short-frame-data transmission.

MN Danish et al. constructed a quasi-cyclic LDPC (QC-LDPC) code based on Euclidean
geometry and cyclic decomposition, which has a shorter girth, and, by comparing the BER
performance of LDPC codes based on the randomized construction method with those
constructed based on this method under different modulation modes, the (256,128) code
based on the design of the method has a good performance [7]. Medova L R et al. proposed
a new method for constructing LDPC codes based on the Orange Book of the Consultative
Committee on Space Data Systems (CCSDS), “Short Block Length LDPC Codes for TC Syn-
chronization and Channel Coding”, and the simulation experiments show that, compared
with the LDPC codes in the experimental specification, the LDPC code constructed using
this method can obtain about a 0.4 dB gain when the SER is 1 x 10~7 [8]. Ranganathan S V
S et al. proposed a protograph-based Raptor-like (PBRL) low-density parity-check code
design method that can obtain a better error frame rate at short-code-block lengths [9].
Abdu-Aguye U F et al. constructed short-block LDPC codes using an improved progres-
sive edge-growth (PEG) algorithm; the LDPC codes constructed by this method have a
shorter girth with a better approximate cycle extrinsic message degree than the existing
PEG algorithm [10].
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For spread-spectrum coding systems, in 2020, Rahman et al. [11] applied coding
techniques to an ultrawideband spread-spectrum system and compared the performance of
the spread-spectrum system using Turbo [12-14], low-density parity check (LDPC) [15,16]
and Polar codes [17-19]. The direct sequence spread spectrum (DSSS) with a bit error rate
(BER) of 10~* and a bandwidth of 1.2 GHz provided a spread-spectrum gain of about
21 dB. The spread-spectrum system using LDPC codes achieved a combined gain of over
30 dB, allowing for the successful retrieval of message signals with 1000x higher power
interference. Peng et al. applied spread-spectrum coding techniques to UV scattering
communication systems. Using the direct spread-spectrum method and LDPC codes with
a code rate of 1/2 and a code length of 1024, the results showed that the coded system
could achieve a BER of 1072 at —2 dB, while the non-coded system achieved a BER of
107! [20]. Wei X F et al. combined QC-LDPC code with spread-spectrum technology
and high-order modulation technology, and the performance of an underwater acoustic
spread-spectrum communication system is investigated: through simulation experiments,
the underwater acoustic spread-spectrum system combining LDPC code has a better
performance compared with the spread-spectrum system combining Turbo code, and can
obtain a better BER performance under a low signal-to-noise ratio [21].

For spread-spectrum systems in underwater acoustics communications, in 2021,
Yang G et al. addressed the signal distortion problem caused by the Doppler effect in
mobile underwater acoustic communication scenarios by using different spread-spectrum
codes with different frequency offsets as local reference signals, correlating the received sig-
nals one by one and searching for the maximum correlation value in the frequency domain
and the code domain in order to complete the signal descaling and Doppler estimation.
Simulations and experiments show that, compared to the average Doppler-compensated
sliding correlation spread-spectrum method, this method has a better BER performance [5].
Sun D. et al. propose a Doppler tracking and compensation algorithm for direct spreading
based on the fuzzy function method, which achieves high Doppler estimation accuracy at a
20 dB signal-to-noise ratio through high-precision delay estimation. Although the under-
water acoustic spread-spectrum technique has strong multipath resistance by virtue of the
good autocorrelation property of pseudorandom sequences, the multipath delay exceeding
the spread-spectrum symbol length and the non-minimum phase underwater acoustic
channel still bring serious inter-symbol interference (ISI) to the spread-spectrum signals,
which affects the system reception signal-to-noise ratio (SNR) [22]. Sozer E. M. et al. used
the RAKE receiver processing structure in the DSSS system to improve the SNR gain by
utilizing the multipath energy [23]. Stojanovic M. et al. proposed a hypothesis-feedback
equalization (HFE) algorithm in order to solve the effects of channel time-variation and ISI
on the underwater acoustic spread spectrum, and the idea of judgment-feedback equaliza-
tion can be applied in underwater acoustic spread-spectrum communication systems [24].

For the application of coding techniques in underwater acoustics communication,
Xiaomei X et al. studied the performance of LDPC code in positive sound velocity gradient
(PSVG), constant sound velocity gradient (CSVG) and negative sound velocity gradient
(NVG) underwater acoustic channels, and the simulation shows that LDPC code has the
best performance in the NSVG underwater channel, the second best performance in the
ISVG underwater channel and the worst performance in the PSVG channel, and that there
is a difference of about 4 dB compared to the former two [25]. As researchers recognize
the changes in the harshness of the underwater channel environment, channel coding
techniques based on adaptive code rate adjustment have been applied in underwater
acoustic communication technology. Among them, the fountain code, which can generate
arbitrary length characters, is a typical representative. It has the feature of coding without
a code rate, which makes it have good application prospects in time-varying underwater
acoustic channels. Therefore, in recent years, the main fountain codes LT code (Luby
Transform Code), Raptor code, Strider code, etc., in underwater acoustic communication
research have been put on the agenda, and there are preliminary experimental results
that show that they have good error correction capabilities. Padala S K et al. applied
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spatially coupled low-density parity-check (SC-LDPC) code in an underwater acoustic
OFDM communication system that has a high communication rate with low equalization
complexity. Simulation experiments demonstrate that the performance of protograph-based
SC-LDPC code is improved by about 1 dB at 1 x10~* BER compared to the general LDPC
code with the same delay under the condition of a shallow water acoustic channel with
1000 m and a 10 KHz bandwidth [26].

In this paper, we study an underwater spread-spectrum system combining the Con-
sultative Committee for Space Data Systems (CCSDS) 231.1-O-1 standard LDPC codes, and
verify the system performance through simulations and water pool experimental analysis.
The results show that the method proposed in this paper is suitable for underwater acoustic
complex channels and the BER performance is improved compared to other existing coding
methods. The LDPC coding and spread-spectrum methods used are listed in Table 1.

Table 1. Spread-spectrum coding system research content.

Spectrum Spreading Mode Codes | Modulation

CCSDS(512,256)
DSSS CCSDS(256,128) BPSK
CCSDS(128,64)

CCSDS(512,256)
M-ary SS CCSDS(256,128) BPSK
CCSDS(128,64)

CCSDS(512,256)
CSK SS CCSDS(256,128) BPSK
CCSDS(128,64)

The remainder of this paper is organized as follows. Section 2 introduces the CCSDS
codes and their encode/decode algorithms. Section 3 describes the DSSS, M-ary spread-
spectrum, and cyclic-shift-keyed (CSK) spread-spectrum. Section 4 presents the simulated
BER performance of the spread-spectrum coding system, and Section 5 analyzes the experi-
mental results given by this spread-spectrum coding system. Section 6 discusses the results
presented in this paper, before Section 7 concludes with a summary of this study.

2. LDPC Codes

The channel coding technique involves extending the original bit information by
introducing parity bits and recovering the original information at the receiving end based
on the correlation between the bit information. LDPC codes are linear block codes, the
continuous binary sequence of symbols output from the source is called a message bit and
the redundant binary sequence output after encoding according to certain rules is called a
code word. In (n, k) linear packet codes, the message bits are often divided into multiple
groups of message packets of length k and sequentially encoded as code words of length #.
A message code of length k can represent a total of 2 types of messages. The message is
mapped one-to-one with the codeword. Its code rate R = % denotes the average number of
message bits carried by a single code bit. Benefiting from the low-density feature of their
check matrix, LDPC codes with iterative decoding based on belief propagation can obtain
good error correction.

2.1. CCSDS Code

The check matrix of CCSDS codes consists of a submatrix of M =k/4 = n/8, where
n,k denote the code word length and the original bit length, respectively. Let I); denote
the identity matrix, 0p; denote the zero matrix, ®* denote the identity matrix cyclically
shifted right by k bits and @© denote the modulo-two addition of matrix elements at the
corresponding positions. The check matrix can then be written as
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From the check matrix of the CCSDS code, its generator matrix can be calculated
by setting
H=1[Q P )

where Q, P denote the submatrix of the first 4M and last 4M columns of the check matrix,
respectively. Then, we have
G = [LsmW] ®)

where W can be calculated from

W = (P—1Q)T ©6)

2.2. LDPC Decoding Algorithm

Based on the low-density characteristics of the LDPC check matrix, despite the belief
that propagation-based iterative decoding algorithms is suboptimal, the result can still
be obtained close to the optimal decoding criterion. The sum product algorithm (SPA) is
a classical iterative decoding algorithm that accomplishes iterative decoding by passing
messages between nodes. The log-likelihood ratio sum product algorithm (LLR-SPA)
replaces probability domain calculations with likelihood domain calculations, reducing the
algorithm complexity without changing the decoding performance.

In addition to matrix representation, LDPC codes can also be represented by Tanner
graphs, which can be used to better illustrate the decoding algorithm. Tanner graphs are
bipartite graphs, where nodes on the graph are classified into two categories: variable
nodes (VNs) and check nodes (CNs), and lines connecting the two categories of nodes are
called edges. Their equivalent Tanner graph can be obtained based on the check matrix
H. According to this rule, the VN can correspond to the coded bits in the check equation,
while the CN corresponds to the set of check equations. Tanner graphs are often used to
describe sum-product decoding algorithms. An example of a Tanner graph is given in
Figure 1. Let the jth variable node (VN) be VN; and the ith check node (CN) be CN;. In the
check matrix, element /;; = 1 indicates the existence of an edge between CN; and VN; on
the Tanner graph. The specific LLR-SPA algorithm is as follows.

Step 1. Initialize the variable nodes according to Equation (7), where L; denotes the
result of the channel message after initialization, y; denotes the actual value received by
the channel and v; denotes the estimated value of the code word. According to the Tanner
diagram, for h;; = 1,letL; ,; = L;:
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Pr(v; = Oly;
L = L(vjly;) = 1°g<PrEv;=1IZ;> "’

Step 2. The CN is updated to calculate the extrinsic information passed according to
Equation (8), where L; ,; denotes the extrinsic information passed from CN; to VN;, N(i)
denotes the set of nodes connected to CN; and j’ denotes any variable node connected to
CN; except VN:

L= 2tanh ! H tanh (;Lj/ﬁi) (8)
J'eN@—{j}
Step 3. The VN is updated and the extrinsic information passed is calculated according
to Equation (9), where L; ,; denotes the extrinsic information passed from VN; to CN;, N(j)
denotes the set of nodes connected to VIN; and i’ denotes any check node connected to VN;
except CNj.

Lisi=Li+ ), Ly )
eN(j)—{i}
Step 4. Sum the LLR according to
L =L+ Y Ly (10)
1€N())

Step 5. Termination criterion: for j € [0,n — 1], judge the code bits according to

Equation (11). If the check condition v HT = O is satisfied, terminate the decoding. Other-
wise, the decoding has failed; return to step 2 and repeat the process until the decoding
succeeds or the maximum number of iterations is reached.

(11)

Check Nodes

Variable
Nodes

Figure 1. Tanner chart.

3. Spread-Spectrum Technology

Spread-spectrum technology refers to the extension of narrowband data to a wider
band and its transmission. The receiver obtains the spread-spectrum gain and recovers
the data through correlated de-spreading. During this process, as the noise in the channel
only experiences one spread spectrum, the energy is extended to a wider band. Thus,
the in-band noise energy is reduced and the signal-to-noise ratio of the received signal is
enhanced. With a better autocorrelation performance of the spread-spectrum sequence,
any multipath energy beyond the duration of a code slice can be treated as noise. As the
spread-spectrum symbol duration generally exceeds the multipath delay of the shallow
water channel, ISI does not affect too many subsequent symbols, so the spread-spectrum
technology itself has a strong anti-multipath performance.
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3.1. Direct-Sequence Spread-Spectrum

The communication principles of the direct spread-spectrum system are shown in
Figure 2. The transmitter spreads the signal to a wider frequency band, which is transmitted
by carrier modulation and the channel, and the receiver performs the de-spreading of the
received signal, restoring the broadband signal to a narrowband. The de-spread signal is
then demodulated by the local carrier to restore the original information.

Spectrum Spreading Carrier Local Spectrum Spreading
Sequence c(1) cos (27 fit) Carrier Sequence c(1)
t
Sou:(:i;ja 2 Spectrum Spreading Modulation Channel Synchronous Despread Decision Re;z):;ry

Figure 2. Direct spread-spectrum system communication schematic.

3.2. M-ary Spread-Spectrum

The M-ary spread-spectrum communication system improves band utilization com-
pared with a direct spread communication system. The theoretical communication rate is
|log, M| times that of direct spreading using a random sequence of the same order, and
each spreading symbol can carry log, (M) bits of information, where | | denotes rounding
down. The M-ary spread-spectrum exploits both the good autocorrelation properties and
the quasi-positive cross-correlation properties of pseudorandom codes, using different
spread-spectrum sequences for different spread-spectrum symbols to characterize this
information. M-ary spread-spectrum communication is illustrated in Figure 3.

Spectrum Spreading Spectrum Spreading
Sequence Sequence
Source Serial to Chosen Spectrum Quadrature e Parallell Recovery
Data Parallell Spreading Sequence ehannel demodulator, Despread pecision to Serial Data

Figure 3. M-ary spread-spectrum communication system schematic.

At the transmitter side, the data are divided into multiple groups of k bits through a
serial-to-parallel conversion, which, for M-ary spreading, has 2¢ = M. Each k bits of data
constitute a spreading symbol, which is mapped to a spreading code according to certain
rules. The k bits of data contain a total of 2 binary sequences, which also correspond to
2k spreading codes. The binary sequence is first converted to the corresponding decimal
number p[m], 0 < p[m] < M —1, and then c,,,(t) is selected as the spreading code
from the mutually quasi-orthogonal M-ary spreading codes according to certain rules. We
express ¢y, (t) as

L-1
Cp[m] (t) = 2 Cp[m] (l)g(t —ITe) (12)

g(t) denotes a pulse-forming function. The orthogonal M-ary spread-spectrum re-
ceiver consists of M correlators, which makes the hardware complexity of the receiver
relatively high. To overcome this problem, the CSK spread-spectrum method is used
to exploit the cyclic correlation property of pseudo-random codes, which are used to
achieve spread-spectrum communication by splitting the source information into a few
bits of spread-spectrum symbols that are then mapped into spread-spectrum codes. M-ary
spread-spectrum communication achieves the mapping of symbols to spreading codes
using pseudo-random codes with different sequences of the same length, such as Gold
codes, where each symbol corresponds to a spreading code of that length. In contrast, CSK
maps symbols to spreading codes using different cyclic shifts of the same spreading code.
CSK spreading reduces the hardware complexity while maintaining transmission efficiency,
but introduces new problems.

Figure 4a shows the results of cross-correlation between M-ary sequences of different
principal polynomials of order seven, with a poor cross-correlation performance between
spreading codes. Figure 4b plots the cross-correlation characteristics of a cyclic shift
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Normalized amplitude

sequence of an M-sequence of order seven, spaced by 15 code pieces and carrying three bits
of eight ary per symbol. In addition to the autocorrelation peak, there are several correlation
peaks with similar energies. This indicates that if the signal is subject to severe multipath
effects in the transmission process of the channel, such as the cross-correlation peak of
spreading code 1 and cyclic code 2, which is close to the energy of the autocorrelation peak,
the energy of the correlation peak is likely to exceed the energy of the autocorrelation peak
under the influence of the superimposed multipath. This will result in a decoding error.
The multipath component in this case cannot be regarded as noise and requires channel
equalization, which leads to an increase in hardware complexity.

seql self-cor seql self-cor
seql,seq2 cross-cor seql,seq2 cross-cor
0.8 seql,seq3 cross-cor 0.8 seql,seq3 cross-cor | -{
seql,seq4 cross-cor seql,seq4 cross-cor
seql,seqS cross-cor % seql,seqs cross-cor
0.6 F seql,seq6 cross-cor E seql,seq6 cross-cor
seql,seq7 cross-cor = 0.6 seql,seq7 cross-cor | |
seql,seq8 cross-cor g‘ seql,seq8 cross-cor
0.4 seql.seq9 cross-cor b=}
X it L
S 04 ‘
N
E ‘
E 02f
=}
Z
oy
A
. . . . L 202 . . . .
0 50 100 150 200 250 -100 -50 0 50 100
chip shift chip shift
(a) (b)

Figure 4. Spread-spectrum sequence correlation characteristics. (a) Seventh-order M-series correlation
properties; (b) Cyclic shift sequence correlation properties for seventh-order M-sequences.

4. Simulations and Results
4.1. Overview of Spread-Spectrum Coding Systems

The communication schematic of a spread-spectrum coding system is shown in
Figure 5, where bits of information are first coded by the channel and redundant check
bits are added to obtain a code word for transmission. The length of the information bit
before coding is given as k, the length of the code word after coding is given as n and
the code rate is given as R = k/n, indicating the amount of information carried by each
channel bit. To reduce the effects of ISI, the baseband signal is waveformed. The baseband
signal is then spread and carrier-modulated to be transmitted via the transducer to the
underwater acoustic channel. After the receiver has received the acoustic signal, the signal
is demodulated by the local carrier, filtered by low-pass filtering to remove out-of-band
noise and then recovered by matched filtering and de-spreading.

Source
Data

Spectrum

—» Encode — -
Spreading

Upsample Modulation

Channel

Recovery

— —
Data Decode

Despread [«— LP Filter «— Demodulation

Figure 5. Communication schematic for spread-spectrum coding systems.

The input to the decoder varies according to the spreading method used. For the
direct spread system, the information is fed into the decoder without judgment, which
allows the decoding performance of the soft judgment decoder to be fully utilized. For
the M-ary spread-spectrum system, the judgment rule of detecting the maximum energy
of the correlated peaks means that the information obtained after decoding is in the form
of symbols, and is sent to the decoder as a 0.1 bit stream. This loses some of the channel
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information. Overall, the spread-spectrum coding system using the soft spread-spectrum
combined with LDPC codes obtains a limited coding gain, and is inferior to the direct
spread coding system.

4.2. Simulation Analysis
4.2.1. Channel Description

In this paper, we use Bellhop to simulate a channel that is as close as possible to the
experimental conditions of the pool and bring it into the simulation experiments with the
condition parameters of this channel (Figure 6):

1 O T T T T
Q9
Q@ ® o
05| E I ]
(]
E ﬁ 9
i 0
E I
<
05F ]
(1)) (1))
o060 ® O
_1 1 1 1 1 1 1
1.66 1.67 1.68 1.69 1.7 1.71 1.72 1.73

Time (s)

Figure 6. Channel impulse response of the simulation.

Here, the depth of the simulated water body is set to 10 m, and the sound velocity
profile is a negative gradient sound velocity environment, in which the depth of 0 m results
in the speed of sound at the surface of the water being 1510 m/s, and the depth of 10 m
results in the speed of sound at the bottom of the water being 1500 m/s. It is assumed that
the surface of the water is a flat water surface with no undulation, the upper part of it is a
vacuum environment, the bottom of it is assumed to be the liquid seabed and the sound
velocity is 1650 m/s.

4.2.2. Simulation of Direct Spread-Spectrum Coding Systems

The simulation results for the direct spreading coding system based on a Gaussian
channel and multipath channels are shown in Figures 7 and 8. The sampling frequency
fs = 16 kHz, the carrier frequency f. = 2 kHz, the bandwidth is 2 kHz, the spreading
code is a 5th-order m-sequence and the spreading gain is 31. The modulation method
is binary phase-shift keying (BPSK), the encoding code is CCSDS code, the decoding
algorithm is LLR-SPA and the maximum number of iterations is 100. The simulations
compare the performance of the direct spreading non-coding system with that of the direct
spreading coding system. The direct spreading sequence system has the best performance
under Gaussian channels and the performance decreases under multipath channels. With
a BER of 1073, a coding gain of about 7.2 dB can be obtained using CCSDS(512,256)
codes. The simulation results also compare the performance of the spread-spectrum coding
system using CCSDS codes with that of (2,1,7) convolutional codes, Bose-Chaudhuri—
Hocquenghem (BCH) codes and Turbo codes. Under 1 x 10~* BER conditions, the code
length is the same as 256 and the code rate is 1/2 for both Turbo and LDPC codes. Compared
to Turbo codes, the direct spreading sequence system with CCSDS codes has a gain of
about 0.4 dB.
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10 T
—6— CCSDS(512,256)
=& CCSDS(256,128)
= CCSDS(128,64)
=—6— DSSS-m31
=—©— BCH(63,51)
2 =8 conv(2,1,7)-soft |
10 —6— conv(2,1,7)-hard
~—©O— Turbo(256,128)
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m
m
1 0«4 L
10-6 I Y

-25 -20 -15 -10
SNR(dB)

Figure 7. BER performance of DSSS coding systems in Gaussian channel.

1 0()

—— CCSDS(512,256)
—e— CCSDS(256,128)
—+—(CCSDS(128,64) | |
—&— DSSS-m31
—6—BCH(63,51)
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102 8 =—©—conv(2,1,7)-hard |-
% ~—6— Turbo(256,128)
m

10-3 L

10

-26 -24 =22 -20 -18 -16 -14 -12
SNR(dB)

Figure 8. BER performance of DSSS coding systems in multipath channel.

4.2.3. M-ary Spread-Spectrum Coding System Simulation

The simulation results for the M-ary spread-spectrum coding system under a Gaussian
channel and multipath channels are shown in Figures 9 and 10, where M = 16. Using a
5th-order Gold sequence as the spread-spectrum code, with a bandwidth of B = 2 kHz,
carrier frequency f. = 2 kHz, and sampling frequency f; = 16 kHz, the M-ary spread-
spectrum system with CCSDS(512, 256) codes achieves a BER of 102 with a minimum SNR
of —14.94 dB; the minimum SNR required for the uncoded system to achieve 10~ BER is
—8 dB. Thus, the coding gain is approximately 6.94 dB. Under 1 x10~* BER conditions,
the code length is the same as 256 and the code rate is 1/2 for both Turbo and LDPC codes.
Compared to Turbo codes, the M-ary spread-spectrum system with CCSDS codes has a
gain of about 0.3 dB.

4.2.4. CSK Spread-Spectrum Coding System Simulation

The simulation results for the CSK spread-spectrum coding system under a Gaussian
channel and multipath channels are shown in Figures 11 and 12. In these simulations,
M = 16, so 16 different spreading codes with a 5th-order M-sequence and 2-bit cyclic shift
are used. The bandwidth B = 2 kHz, carrier frequency f. = 2 kHz and sampling frequency
fs = 16 kHz.
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10°

F |[—+—CCSDS(128,64)

—e— CCSDS(512,256)
—A— CCSDS(256,128)
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—e—BCH(63,51)
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Figure 9. BER performance of M-ary spread-spectrum coding systems in Gaussian channel.

—e— CCSDS(512,256) | §
—A— CCSDS(256,128)
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—O&— M-ary
—6—BCH(63,51)
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-18 -16 -14 -12
SNR(dB)

Figure 10. BER performance of M-ary spread-spectrum coding systems in multipath channel.
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-12
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Figure 11. BER performance of CSK spread-spectrum coding systems in Gaussian channel.
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Figure 12. BER performance of CSK spread-spectrum coding systems in multipath channel.

The simulation results are consistent with the theoretical analysis in that the direct
spread coding system has the best coding gain while the soft spread coding system has
limited coding gain. Spreading coding systems using short LDPC codes (CCSDS codes)
achieve higher coding gains than spreading coding systems using other channel coding
algorithms such as Turbo codes and convolutional codes. Under 1 x 10~ BER conditions,
the code length is the same as 256 and the code rate is 1/2 for both Turbo and LDPC codes.
Compared to Turbo codes, the CSK spread-spectrum system with CCSDS codes has a gain
of about 0.3 dB.

5. Water Pool Experiment
5.1. Experimental Conditions and Parameter Settings

Pool experiments were conducted to verify the feasibility of the spread-spectrum
coding system. The pool measures 45 m X 6 m x 5 m, the pool bottom is deep sand
and the pool wall has an anechoic tip split. Figure 13 shows a schematic diagram of the
pool experiments, where the low-frequency transducer and the receiving hydrophone
are nondirectional; the receiving hydrophone is a BK8105 hydrophone with a receiving
sensitivity of —205 dB. Figures 14 and 15 show the placement of the transducer during
the pool experiment and the overall experimental scene, respectively. Table 2 lists the
parameters of the coded spread-spectrum system.

«— 8.5m >
1.5m 1454
e e
2m
Transmitting receiving
Transducer transducer

Figure 13. Schematic diagram of pool experiments.
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Figure 15. Pool experiment scenario.

Table 2. Parameter settings for encoding spread-spectrum system.

System bandwidth 2 kHz

Carrier frequency 2 kHz

Modulation BPSK

Spread-spectrum system DSSS/M-ary SS(16ary)/CSK SS(16ary)
Roll-off factor 0.5
Frame synchronization LEM

Encoding

CCSDS(512,256)/(256,128) /(128,64)

Decoding

Normalized-MSA

Spreading sequence

5-step M-sequence (DSSS)
5-step Gold sequence (M-ary SS)
5-step M-sequence cyclic shift (CSK SS)

Bit rate

32.3 bps (DSSS)
129.0 bps (M-ary)
129.0 bps (CSK)

The channel response was first tested. Figure 16 shows the signal response curve with

normalized amplitude.
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Figure 16. Pool measurement channel response curve.

5.2. Analysis of Experimental Results
5.2.1. Direct Spread-Spectrum Coding System

The BER performance of the DSSS communication system under different coding meth-
ods is shown in Figure 17. Analysis of Figure 17 indicates that the LDPC coding/decoding
method using CCSDS codes can achieve a better coding gain than other channel coding
algorithms, such as Turbo code, convolutional code and BCH code. The performance of (2,
1, 7) convolutional codes is related to the quantization accuracy, which is 4-bit quantization.
The performance of Turbo codes is similar to that of LDPC codes at a lower SNR, and as
the SNR increases, the method proposed in this paper has the best performance when the
BER is 1 x 1074, where it has a BER performance improvement of 0.3 dB compared to
Turbo codes.

0

10 —— DSSS+CCSDS(512,256)
—©— DSSS+CCSDS(256,128)
—t— DSSS+CCSDS(128,64)
—©— DSSS+conv(2,1,7)-hard
=8 DSSS+conv(2,1,7)-soft
—©— DSSS+BCH(63,51)
10—2 L =6 DSSS+Turbo(256,128) |
a2
m
m
10-4 L
-6
10

23 220 21 20 <19 18 17
SNR(dB)

Figure 17. BER of DSSS communication system under different coding methods.

5.2.2. M-ary Spread-Spectrum Coding System

The experimental results of the M-ary spread-spectrum system are shown in Figure 18.
The M-ary spread-spectrum error comes from the maximum correlation peak detection
error. This causes the M-ary spread-spectrum to lose part of the channel information, and
can make all bits in a symbol erroneous. Together, these issues affect the performance of
the M-ary spread-spectrum coding system.
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Figure 18. BER of M-ary spread-spectrum communication system under different coding methods.

5.2.3. CSK Spread-Spectrum Coding System

The experimental results for the CSK spread-spectrum communication system under
different coding methods are shown in Figure 19. Analyzing the results of pool experiments,
for channel coding methods with similar code lengths and consistent communication
rates, spread-spectrum communication systems incorporating CCSDS codes have certain
performance advantages over spread-spectrum communication systems incorporating
other coding methods.

0

10 T T T T
=—O— CSK+CCSDS(512,256)
=——0— CSK+CCSDS(256,128)
—+— CSK+CCSDS(128,64)
—0— CSK+conv(2,1,7)-hard
—O— CSK+BCH(63,51)
102k —6— CSK+Turbo(256,128) | |
24
m
as)]
10-4 L ]
1076 ! ‘ ; ‘ ‘
-14 -13 -12 -11 -10 -9 -8

SNR(dB)

Figure 19. BER of CSK spread-spectrum communication system under different coding methods.

6. Discussion
6.1. Significance of the Proposed Method

The spread-spectrum coding system proposed in this paper has a better BER per-
formance than the underwater acoustic spread-spectrum communication system using
classical coding methods, and the technique enables robust transmission of short-frame
data. The performance of the spread-spectrum coding system combined with CCSDS
short-block LDPC codes has been verified through simulations and pool experiments to
outperform the spread-spectrum system combined with the classical coding method.

The DSSS + LDPC spread-spectrum coding system has the best BER performance and
is suitable for applications with limited transmission energies and high BER requirements,
such as satellite communications. The soft spread-spectrum + LDPC spread-spectrum cod-
ing system offers improved band utilization, but is limited by the spread-spectrum method,
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which reduces its BER performance. This approach is more suitable for communication
scenarios with limited bandwidth resources.

6.2. Limitations of the Proposed Method

The soft spreading coding system combined with LDPC codes proposed in this paper
loses channel information during the process of mapping the spreading sequence to sym-
bols. This degrades its BER performance. To achieve an improved BER performance, the
main correlation peak and the secondary correlation peak symbols of the M-ary correlator
decoding could be combined and the input to the decoder could be adjusted to compensate
for the partial loss of channel information. In addition, the performance of the method can
be further verified in extreme environments through sea trial experiments.

7. Conclusions

This paper has proposed a short-block LDPC coding system for underwater acoustic
spread-spectrum communication that is highly adaptable to the short-frame data transmis-
sion process. Simulation experiments and pool experiments have verified the effectiveness
and practicality of the proposed method in this paper. Simulation analysis shows that the
proposed direct spread coding system can achieve a coding gain of up to 7.2 dB in BER com-
pared with the direct spread non-coding system. The proposed M-ary spread coding system
and CSK spread coding system can achieve coding gains of up to 6.94 dB and 5.64 dB,
respectively, compared with their corresponding spread non-coding systems. Pool experi-
ment results also show that the proposed method has a better BER performance compared
to conventional coding methods in underwater acoustic communication systems. This
method has good application prospects in the field of underwater acoustic communication.
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