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Abstract— Channel coding is an essential requirement for digital communication systems, particularly for
underwater acoustic channels, to perform accurately and reliably in the presence of ambient noise, absorption loss,
interference, and much other impairment. Low complexity encoding and decoding algorithms are investigated i.e.
order statistic decoding (OSD) of block codes for various modulation schemes and assumptions of underwater
acoustic channel such as distance and multipath effects. These simple algorithms improve the bit error rate (BER)
significantly unlike uncoded systems or other complex systems utilizing convolutional codes.
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L. INTRODUCTION

Underwater acoustic communication system has become a hot area for research recently. This
attention comes from potential applications of such channel including sharing of navigation
information, control of autonomous underwater vehicles (AUV), and undersea command and
control. Thus, the environment of this channel imposes many characteristics such as: small
number of network nodes, large transmission distance, and frequent packet exchange [1]. The
underwater acoustic communication channel is one of the most challenging wireless
communication media known to man. There exists no typical acoustic channel or standard
channel models till the present day [2]-[4]. The complexity of underwater acoustic channels is
initiated by the ocean environment characteristics which include significant delay, double-
side-spreading, Doppler-spreads, frequency-selective fading, absorption at high frequencies,
ambient noise at low frequencies and limited usable bandwidth [5]. Moreover, horizontal
underwater channels are prone to multipath propagation due to refraction, reflection and
scattering [2]. New innovations of rapid data rate correspondence for picture and video
transmission are additionally attractive to improve the coming era of productive underwater
communication scenarios. On the other hand, current acoustic correspondence advancements
can just give constrained information rates because of the specific physical components of
channels [6]. So, wireless communication still needs significant improvements for underwater
channels as have been done in [7]-[9]. All this makes the underwater acoustic signal fluctuate
randomly. As such, the selection of modulation and error correction techniques is very
challenging.

Channel coding is important to protect the transmitted signal against noise and all other
impairments in underwater channels in similar manner as in wireless space channels. It is
obvious that digital communication systems of underwater channels need to achieve high
reliability in the presence of noise and interference [10]. Forward error correction (FEC)
coding is one of the most effective tools to achieve this goal. Also, it should be noticed that
because underwater communication commonly used symbol demodulation schemes which do
not depend on the noise power, bit error performance without error correction coding will not
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be improved [11]. Thus, FEC is a type of error correction and detection schemes of
underwater channels that should be investigated more deeply than in [12], [13]. This is done
by considering more scenarios and various assumptions of channels. In this paper, the
performance of certain channel coding schemes with effective and simple decoding
algorithms is investigated deeply based on wide and various assumptions and parameters of
underwater channels. Simple block codes are utilized with effective decoding algorithm such
as order statistics decoding (OSD). This decoding algorithm has achieved high reliability with
low complexity in space wireless communications over AWGN and fading channels [14],
[15].

In this paper, we investigate OSD-based decoding strategies for linear binary block codes.
Our aim is to investigate low complexity decoding schemes that provide large or valuable
coding gains and, most importantly, are well-suited for implantation in underwater channel
environments. The remainder of this paper is organized as follows. The details of the system
model of acoustic channels are introduced in Section II. In Section III, simulation results of
channel coding performance with different scenarios and parameters for underwater acoustic
channel utilizing different modulation schemes are presented and discussed. Conclusions are
drawn in Section V.

1I. SYSTEM MODEL

In this model, we consider single input single output system (SISO) as shown in Fig. 1. It
consists of information source, encoder, and modulator (BPSK or QPSK) in the transmitter
side. The underwater acoustic channel model is utilized as a link between the transmitter and
receiver. The receiver side consists of demodulator and OSD decoder. In this system,
codewords of a linear binary block code C are transmitted over underwater acoustic channels.
The code C, denoted as (N, K, d,,;,, ), has dimension K, block length &, and the minimum
Hamming distance between any two codewords d,,;,. Binary codewords C € ZJ where
Z, = {0,1} are generated from a source of information bits u € ZX using the generator matrix
G € Z§¥*N [14], i.e., C = uG. In the receiver side, OSD decoder is implemented as in [14] and
[15] to execute soft decision decoding based on the reliabilities of the received symbols
through channel. The OSD decoder chooses the codeword C from the coding list with the
minimum Euclidian distance to the received sequence after reordering according to
reliabilities.
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Fig. 1. System model for SISO
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111. CHANNEL MODEL

In this work, using of the underwater acoustic channel is considered. The model of this
channel is shown in Fig. 2. In this case, the signal is transmitted in a direct path between TX
and RX. The signal also propagates via reflections from the surface and bottom, resulting in a
multipath effect with much larger time dispersion then that of wireless propagation in air.
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Fig. 2. The scenario of shallow water multipath propagation [4]

The codeword C generated by encoder is interleaved and mapped to binary phase shift keying
(BPSK) sequences x € {+1,—1} before transmission, i.e. x;— (—1)¢!, where x; denotes the ith
component of vector x, and { = 1,2,---, N. For QPSK modulator, the output of modulator is a
complex baseband In-phase (I) and Quadrature (Q) symbol sequence. The codewords are
interleaved and mapped to QPSK transmitted symbol sequence x, = xjx + jxgg, Where
X1k » Xk € {+1,+3} and each modulation symbol are obtained from codeword Cy,,i = 1, 2.
In this model, coherent detection is assumed; and the channel phases are known in the
receiver side.

A. Path Loss and Absorption Coefficient

The received signal at destination is written as:
R; = H(, );%; + N(); (1)

Where H(L, f); is the overall transfer function of the underwater acoustic
communication channel which is described in [16], [17]:

—Jj2H7,

P—1 1—‘
H(,[)=) ——L—ce 2
= A, ) @
Where A(L, f) is the acoustic path loss which can be represented as:

A, )= A" a(f) 3)
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The Path loss of an underwater acoustic communication channel depends on the
transmission distance and signal frequency.
Ay 1s a unit-normalizing constant; & is the spreading factor; and «( /') is the absorption

coefficient. The absorption coefficient can be expressed using Thorp's empirical
formula [16], [17]:

_ 2 2 —4¢2
a(f) =0.11 T 44 ooz T 2.75x 107*f* 4+ 0.003 “4)
where f'is given in kHz; and the absorption coefficient is given in dB/Km. T, models
stand for additional losses incurred on the p’h path (e.g. cumulative reflection loss)

Iy . . :
where T, = 7” is the path delay; and c is the nominal speed of the sound underwater

(1500m/s). The propagation paths are considered by [, where p = 0,---,p — 1.

B. Noise Model

The noise in underwater acoustic channels is presented as N; in (1). There are several types of
noise in the underwater environment and so-called ambient noise; the acoustic channel noise
can be classified into four types with corresponding equations given below [16]:

10log N, () =17 —30log( f) (5)
10log N, (f) = 40 + 20(s — 0.5) + 26 log( /) — 60log( f + 0.03) (6)
10log N, () =50 +7.5v/w + 20log( /) — 40log(f +0.4) 7
10log N, (/) = 20log(f) 15 (8)

Where s is the shipping activity factor ranged between 0 and 1; w is the wind speed m/s; N,
denotes for turbulence noise; Ns is the shipping noise; N,, is the noise caused by wind and
rain; and N, is the thermal noise. The total ambient noise in underwater channels is now
given by:

N()=N,(f)+ N, (f)+ N, (f)+ Ny (f) &)

For all above empirical equations, the power spectral density (psd) of all components is
considered in dB re u Pa per Hz as a function of frequency in kHz.

C. Signal to Noise Ratio

The signal to noise ratio (SNR) in (10) is a function of frequency and transmission
distance. The transmitted power P is fixed at 2x10°dB re u Pa; and Afis the receiver

noise bandwidth (a narrow band around the frequency f) [18]:

P/ A f)

SN =" yar

(10)
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Iv. SIMULATION RESULTS AND ANALYSIS

We carry out soft-decision decoding of some BCH codes and utilize low complexity decoding
algorithms such as OSD for different scenarios of underwater acoustic channels. Fig. 3 to Fig.
9 compare the BER performances using computer simulations. The BER of the (128, 64 and
22) BCH code, convolutional code and uncoded system over direct link underwater acoustic
channels is shown in Fig. 3. We observe that BCH code with OSD (1) has better performance
than convolutional code for BER larger than 10~ and OSD (1) outperforms uncoded systems
by at most 2.5dB for the BERs smaller than 10~3. Also, we can notice that OSD (1) decoding
of BCH (128, 64 and 22) can achieve approximately the same BER as convolutional code at
large SNR with reduction in performance less than 1dB. A slightly smaller coding gain (less
than 1dB) of the convolutional code in comparison to OSD (1) of BCH at larger values of the
SNR is well-compensated for by the significant reduction in complexity of the decoding for
OSD. Furthermore, BCH with OSD (1) can trade-off the BER and complexity of the uncoded
system and convolutional code, especially at small BERs.

[REHE — = -QFSK Convolutiona Coded §
e QPSK OSD Coded ]
—e— QPSK Uncoded

BER

E: gl 3
0 1 2 3 4 5 5 7 ) 9
SNR (dB)

Fig. 3. Comparison between convolutional code % rate (133,171)g and OSD (1) for fixed distance at 3km using
QPSK

System performance of BCH (32, 16 and 8) with OSD (2) over 3km and Skm distances which
uses QPSK is depicted in Fig. 4 and Fig. 5 with various multipaths. The figures indicate that
considering direct path only outperforms the cases of three and six paths. For example, at
BER of 10™, the required SNR for direct path is around 7dB, whereas in case of three
multipaths, the SNR is almost three times that required for single path. And for six paths, the
SNR needs to be doubled compared with three paths.

For 10km transmission distance, even though the single path is still showing superior
performance, the three and six path curves become closer as shown in Fig. 6; the deviation of
three path curve from three paths is around 2dB at BER of 10™*. Moreover, the distance effect
becomes more obvious than it is in the multipaths.
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Fig. 4. Multipath effect for fixed distance at 3km using QPSK with BCH (32, 16 and 8) and OSD (2)
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Fig. 5. Multipath effects for fixed distance at Skm using QPSK with BCH (32, 16 and 8) and OSD (2)
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Fig. 6. Multipath effect for fixed distance of 10km using QPSK with BCH (32, 16, 8) and OSD (2)
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Fig.7. Performance of QPSK and BPSK with various distances and direct path only with BCH (32, 16 and 8) and
OSD (2)

The performance of both BPSK and QPSK transmission over underwater acoustic channel is
presented in Fig. 7 which considers one path and various transmission distances. BPSK is
clearly better than QPSK. However, QPSK gives better bandwidth efficiency with some
penalty of SNR of around 4dB compared with BPSK. Increasing the transmission distance
deteriorates system performance in both cases of BPSK and QPSK.
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Fig. 8. Performance of QPSK and BPSK with various distances and three multipaths with BCH (32, 16 and 8) and
OSD (2)

Furthermore, three multipath channel scenarios are modeled as shown in Fig. 8. The same
analogy is found in comparing with Fig. 7 except that the curves are getting much closer due
to multipath effects.

Fig. 9 shows the results of six multipaths with various transmission distances. It can be noted
that the curve of QPSK at 3km intersects with the curve of BPSK at 5km at SNR around
25dB. Another intersection can be seen at 30dB SNR, where the BPSK at 10km intersects
with the curve Skm QPSK. Moreover, the multipath has a severe effect which produces more
noticeable as the curves fluctuate.
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Fig. 9. Performance of QPSK and BPSK with various distances and six multipaths with BCH (32, 16 and 8) and
OSD (2)

V. CONCLUSION

Low-complexity soft-decision decoding techniques OSD for linear binary block codes of
small to medium block length were investigated for different modulation schemes such as
BPSK and QPSK. Different assumptions and parameters of acoustic underwater channel such
as various distances and multipath between transmitter and receiver were received. In this
manner, the contribution of simple codes to simple decoding algorithms can improve the
transmission robustness and protect the transmitted data from errors. A coded system with
BCH for direct path of BPSK achieved almost the same performance of convolutional code
with very low complex system of OSD decoder. Moreover, such a simple BCH coded system
improves the BER performance significantly compared to uncoded systems. Furthermore, the
direct path outperforms the cases of three and six paths for both types of the examined
modulation schemes BPSK and QPSK. For a lager transmission distance i.e. 10km, even
though the single path is still showing superior performance, the three and six paths curves
become closer. Moreover, the distance effect contributes more significantly to performance
degradation than the multipath effect for both BPSK and QPSK. By comparing different types
of modulation of such simple coded systems over under acoustic channel, results show that
for direct link the BER performance of BPSK is clearly better than QPSK. However, QPSK
gives better bandwidth efficiency with some penalty of SNR than with BPSK. Future work
would investigate higher bandwidth-efficient modulation schemes such as quadrature phase
shift keying.

REFERENCES

[1] R. Diamant and L. Lampe, "Adaptive error-correction coding scheme for underwater acoustic
communication networks," IEEE Journal of Oceanic Engineering, vol. 40, no. 1, pp. 104-114,
2015.

[2] P. Hursky, M. B. Porter and M.Siderius, "Point-to-point underwater acoustic communications using
spread-spectrum passive phase conjugation," Journal of the Acoustical Society of America, vol.
120, no. 1, pp. 1-11, 2006.



© 2016 Jordan Journal of Electrical Engineering. All rights reserved - Volume 2, Number 3 239

[3] P. A. Walree, "Propagation and scattering effects in underwater acoustic communication channels,"
IEEE Journal of Oceanic Engineering, vol. 38, no. 4, pp. 614-631, 2013.

[4] M. Stojanovic, "Underwater wireless communications: current achievements and research
challenges," IEEE Oceanic Engineering Society Newsletter, vol. 41, no. 1, pp. 10-13, 2006.

[5] A. C. Singer, J. K. Nelson and S. S. Kozat, "Signal processing for underwater acoustic
communications," I[EEE Communications Magazine, vol. 47, no. 1, pp. 90-96, 2009.

[6] L. Iglesias, A. Song, J. Garcia-Frias, M. Badiey and G. R. Arce, "Image transmission over the
underwater acoustic channel via compressive sensing," Proceeding of the Annual Conference on
Information Sciences and Systems, pp. 1-6, 2011.

[7] Q. Song and M. Garcia, "Cooperative OFDM underwater acoustic communications with limited
feedback: part L" International Journal of Computer Applications, vol. 54, no. 16, p42-46, 2012.

[8] H. Esmaiel and D. Jiang, "Review article: multicarrier communication for underwater acoustic
channel," Communications, Network and System Sciences, vol. 6, pp. 361-376, 2013.

[9] K. Tuy, D. Fertonani, T. Duman, M. Stojanovic, J. Proakis and P. Hursky, "Mitigation of
intercarrier interference for OFDM over time-varying underwater acoustic channels," [FEE
Journal of Oceanic Engineering, vol. 36, no. 2, pp. 156-171, 2011.

[10] X. Xiaomei, C. Yougan, Z. Lan and F. Wei, "Comparison of the performance of LDPC codes over
different underwater acoustic channels," Proceedings of IEEE International Conference on
Communication Technology, pp. 155-158, 2010.

[11] C. R. Berger, W. Chen, S. Zhou and J. Huang, "A simple and effective noise whitening method for
underwater acoustic orthogonal frequency division multiplexing," Journal of the Acoustical
Society of America, vol. 127, no. 4, pp. 2357-2368, 2010.

[12] J. Trubuil, R. Goalic and N. Beuzelin, "An overview of channel coding for underwater,"
Proceedings of IEEE Military Communications Conference, pp. 1-7,2012.

[13] Y. Labrador, M. Karimi, D. Pan and J. Mille, "Modulation and error correction in the underwater
acoustic communication channel," Computer Science and Network Security, vol. 9, no. 7, pp. 123-
130, 2009.

[14] S. E. A. Alnawayseh and P. Loskot, "Order statistics based list decoding techniques for linear
binary block codes," EURASIP Journal on Wireless Communications and Networking, vol. 2012,
pp- 1-12, 2012.

[15] M. Fossorier and S. Lin, "Soft-decision decoding of linear block codes based on ordered
statistics," IEEE Transactions on Information Theory, vol. 41, no. 5, pp. 1379-1396, 1995.

[16] D. E. Lucani, M. Stojanovic and M. Medard, "On the relationship between transmission power and
capacity of an underwater acoustic communication channel," Proceedings of OCEANS
Conference, pp. 1-6, 2008.

[17] M. Stojanovic and J.Preisig, "Underwater acoustic communication channels: propagation models
and statistical characterization," IEEE Communications Magazine, vol. 47, no. 1, pp. 84-89, 2009.

[18] M. Stojanovic, "On the relationship between capacity and distance in an underwater acoustic
communication channel," Proceedings of WUWnet'06 Conference, pp. 41-47, 2006.



