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Abstract Noncoherent underwater acoustic communication channel in adverse condition is modeled as phase-random

Rayleigh fading channel, and its capacity curve is derived. To approach channel capacity curve, concatenated code of

nonbinary LDPC code and constant weight code is proposed for noncoherent communication and iteratively decoded in

probability domain. Without information of channel amplitude or phase in the receiver, statistic parameters of signal

and noise bins were estimated based on moment estimation method, posterior probabilities of constant weight code words

were further calculated, and nonbinary LDPC code was decoded with nonbinary factor graph algorithm. It is verified by

simulation that by utilizing the proposed concatenated code and its processing algorithm, gap to channel capacity curve

is reduced from previous 4.5 dB to 1.5 dB. Underwater communication experiments were carried out in both deep ocean

(vertical communication, 5 km) and shallow lake (horizontal communication, near 3 km, delay spread larger than 50 ms),

signal frequency band was 6 to 10 kHz, and data transmission rate was 357 bps. The proposed scheme can correctly

transmit in both experiments with a signal noise ratio threshold of 2 dB. The performance of proposed algorithm was

well verified by experiments.
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� ë [5−6] � èêé � ë���� [7−8] �	��
����������
� 	���� èäü Seaweb

��� ��� Teledyne Benthos ��  èäé � ë�� [7,9] ,
þ ? ��� � ë�����#�$���� �ë 	������� �!�"�#�$ è&% è é � ë&�&' � ò&( �ë�)�*

[5],
� � ? ���äèäé � ë ��+ '�( â�,�-/.�01�2�3 	 ,�- è é � ë &�&� � �4&5&6�7&8 '�(9 5;: ë���<�=�=�*�. 	 ��� ï�=�>�D �? ��� �ë ë !&?&@ ���&A�.&B �&C�3&D��&E&F ñ � í&G �

� ë�A�Häï 	
? ��� è é � ë ë ì�I�J&K�L&����� Rayleigh;�<
[1−2,10−11], M�N ë ì�;�< ���O�P�Q�8�R ��ST�U�V�W ò�!�"�%�&&X�Y&Z P&Q [1,5−6,12]

����[�\
]�^ 	�? ��� è é � ë��&_&A�[&K�`�#&* 1 ò�#�*��� 	 `2#�*���� �2� `2#�*�a�b T ñdc�e 1�f�5�g
(FSK:frequency shift keying) h * 	 ò�#�*���� ���ò2#�*�iê÷ T

[10,12],
c�e�j 4�5�g (OOK: on-off key-

ing) h * 	 ò2#�*���� � 92 T "�k�l�>êò 21 E ñ� >�D  [�\ O�m�	 : i ÷ T �n&oqp�r&s ë ì�tT ñdA2# ��u G ��v�w2 a�bêï2= 	�xzy .�{ � a�bO�m D�|�' ��}2�2 ëêì R � � (
K

0.125 bit/s/Hz)
 ò�#&* r&s T K K = 5  �&~ K

T 1
H(20,5)

 Hadamard
T r�s T  a�b T [5,12−13],

%�&�� �
��� � ������� 1�� : 5;� T ��� 	��&� ò � + ñ����a�b T � ��� ��� ���äñ�� turbo

T
[5,14−15] -

turbo ��� [2−3,16−17] ��3������ ~���� T (LDPC:

low density parity check code)[18]
: ���äèäé � ë ��;� ���������� 1 � � ñ����&��D ��&� a&b O

m2	���� ñ � ? �2�êèêé � ë ���� 1 � � ñ������
: ' w2� �¡ � T �2� 	 : ? �2�êèêé � ë �	 ô����a�b T ��¢�£�¤� :�¥ 6�7�8 : ë ì�B � 1 ���¦�§�¨�© �ª�« üäñ�¦�¬�%�& T 0� ��® ��¯ � 	° .&± ë ì&²�*&³ �&�&P ñ 2&´  &µ i ÷ T -��~

K
T�¶ iä÷ T r�s T �? ���äèäé � ëäï�=�·ë ì�²�*�� ��} . �¸�¹�	 ° . G ´ ò�#&* LDPCT

[19−20]
1 i ÷ T r�s T  ò�#�*�® ��º ��� ?�@

��� 	�» ,�¼�½ ¯ ��¾ ë ! 1 4 é 1 E B ��&w�¯

¿2*êñB# � ��¾�iê÷ T  T 0� ��® � ñdÀ��êò�#�*
LDPC

T #2$�Á�Â�Ã
[21]
����� T 	�Ä�Å�Æ�Ç °2���¶ ô ���È .�=�* ����? �&��� T ����� 5 ñ ¶ ëì�²�*�É�Ê �¸�¹ ± 4.5 dB Ë�Ì�Í 1.5 dB 	ÏÎ ´�Ð���Ñ�Ò�Ó�Ò�� ë O�m ñ 1�Q K 6∼10 kHz, â�, �

� K 357 bps, Ñ�Ò í ��Ô�Õ�Ö�� ë ¹ ·�K 5 km, ÓÒ í è � � ë ¹ · � 3 km - ò ó�×�Ø 50 ms, Ù (ª�« ü�Ú ¸ b � ë  ë�4 5�Û;Ü�K 2 dB,
� Æ Ð °
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1 ßáàáâáãáäæåæçéèæçæêéëæì
FSK í OOK î�ï�ð�ñ�ò�ó�ô�õ÷ö;ø�Ù�ù�î�ïú�û
[12] ü FSK î�ï�ý�þ�ÿ���ð���������������ø

OOK î�ï�	�
������ï FSK ý�þ�ÿ���ð���� 0 �
��� (0,1), 1 ����� (1,0), ����� OOK î�ï ü����
FSK ý�þ�����ð OOK î�ï�ø���ù���
 ü��������
õ����&ø OOK î&ï����� �!&ø�"�#&í�$�%�&�'�()+* ü �+,�ñ�ò�ó�î�ï+	dõ+�+-+.0/21+3 * �+4�5+�
3�ø�õ���6�7�8�9�ý�:�;�<�=�>�?A@B��õ�CA@;ø�DE�F ü ��G�H�I�J�K�ò�L Rayleigh ��� õ���M�N�OP�Q�R � OOK î�ï�ø�õ���-�.�#�S ú�û üT " Eb ������U�ø�?V@2��W�.�	 N0 ��õ���CX�Y 8�Z�[�\�	 Ec ������]�;�<V@2� “1” ø�W�.�	
C ��õ���6�7�8 ü ��,�^�_�8 OOK î�ï�	�& Ec =

2CEb
üa` ,�õ���ø�ò�L�ð�b�c�d�e�f�g�h�i�	kj�lm�n�o�p�q�r <�I�ø�ò�L�s�t�uA@B��v�w�x�&�y�õz ü�{ U ��j�l m�q�r j�l�õ�|�ø�}�~ ú F ü�� õ

��� Rayleigh ����� 	 OOK î�ï�t�u 0 í 1 � U

ø�����_�8�d������




p (U |s = 0) = N0 exp

(
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U

N0

)
,

p (U |s = 1) = (Ec + N0) exp

(
−

U

Ec + N0

)
,

(1)
��� õ���6�7�8���4������

|

C = E

[
log2

(
p (U |s )

p (U)

)]
=

∫ +∞

U=0
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1
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p (U |0) log2

(
p (U |0)

p (U)

)
+

1

2
p (U |1) log2

(
p (U |1)

p (U)
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=

1 −
1
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∫ +∞

U=0

dU

[
p (U |0) log2

(
1 +

p (U |1)

p (U |0)

)
+ p (U |1) log2

(
1 +

p (U |0)

p (U |1)
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(2)
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{ r = Ec/N0, ��,�õ���6�7�8�� C ø OOK î�ï�	
&��

r = 2C
Eb

N0
, (3)

��	�#�S ú�
 f����������	 T " Ec = 1, � N0 =

1/r ü ����������� (2), ��5��

|

C = 1 −
1

2

∫ +∞

U=0

dU [r exp (−rU) log2

(
1 +

1

1 + r
exp

{
r2

1 + r
U

})
+

r

1 + r
exp

(
−

r

1 + r
U

)
log2

(
1 + (1 + r) exp

(
−

r2

1 + r
U

))
],

(4)

|

��� (3) í�� (4) ����� F #�S�	���5 OOK î�ï�õ
�+-+.0/ 1+��� 1 =�� ü�� � 1 ý�þ�ÿ+5+?0@ ��õ+C
@ D E+F � Eb/N0 = 7.8 dB, � � õ+�+6+7+8+� C =

0.18 bit/s/Hz ü � 1 ö ������H�I�	���7�<��&í�<
IV@2����d�� 5 í 20 ø Hadamard ��	 h�� H(20,5)

�+	 ��!0@ �+8+� 10−5 ø Eb/N0 í C
F 	 "+��# K

��s H(20,5) ��$�%�����!V@2��8�� 10−5 ø Eb/N0

&
1 Rayleigh ')()*)+),)*)+)-).)/)0)1

OOK 2)3)1)*)+)4)5)6)7

í C
F ü98 ù���� ú ��=�> Eb/N0, s�õ���6�7�8

� 1/4 í 1/8 � =�> Eb/N0 ��: F ò @ 	�d���&
8.7 dB í 4.5 dB ø�;�< ü9=�>�? I�ø�����ï LDPC

��í H(20,5) ��$�%+��"�@�A+�+S û 	 ý+��B+��;�<C E�D
1.5 dB ü

2 EGFGHGIGJLKNMPORQRSPTRU
V ,�����ï LDPC ��ø�ñ�ò�ó�� X ô�õ�W�!�X

���Y� 2 =Y� ü9Z ���Y[�;�<�ø�õ z 	���������ï
LDPC � � 	 v ] � � Hadamard � � 	 OOK î�ï ü
��7�\�]�^�_�`�a�b�c (IFFT: inverse fast Fourier

transform) d�S�	fe�g���h�i���j � t�u�	fk�l n�m
i���ø�n+|�^+8+	po�q�r�s+w9t�u+&�v�w�ø�x�y�õ+�
��z&ø�{�| ü ��j�l m 6�7�]�^�_�`�a�b�c (FFT:

fast Fourier transform) e�g n i���ø q+r v+]+	 6�7n iY�Y��ø�}�~ ú F 	9��5 n Hadamard �Y}�ø�_
8�~ F 	�����������ï LDPC A���e�gV@2��ø����
j�l ü ��ñ�ò�ó ��� õ����Y��5 Hadamard �Y}�ø
_�8�	�ð�e�g�ñ�ò�ó�õ���� LDPC A���=�����ø�	
ð =�>�� p ��� ø��2- ü

&
2 �)�)�)�)3 LDPC �)� Hadamard �)�)�)�)1)�)�)�)�)�)�)*)�)�)� &
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2.1 ������������	�
�����
B ` H I � OOK îqïqõ � Rayleigh � � ø

Hadamard �����+_+8���� ú�û ü B+� ú�û j����+7
,�@���� � ��ø����+_+8���� ü Hadamard ��=����
ø���}���������h����

H =




c(1)

c(2)

...

c(2k)




=




c
(1)
1 c

(1)
2 · · · c

(1)
n

c
(2)
1 c

(2)
2 · · · c

(2)
n

...

c
(2k)
n c

(2k)
n · · · c

(2k)
n




,

(5)

@�ö n ð+��}�ø��+\+	 k ð+�+�0@ ��� ü �+, H(20,5)

��	9� n = 20, k = 5 ü���� <���ø k hV@2��	��� 
��h+��}���� OOK î�ï�!+�+��h+��}+t+u���" ü `
,�õ+��ø�ò+L�ð+b+c+d+e+f+g+h+i+	 j+l m+n+o+p+qr <+I�ø�ò+L+s+t+u0@ �+v+w+x+&+y�õ z 	 �+� j+lm ý+6+7 n+o+p ø+}+~ ú F �+�+D�#�A+� ü T "+j+lm l�5�ø���h���}���$�ø n h�i���%�ø�}�~ ú F �
[U1 U2 · · · Un] ü Hadamard ��t�u���}�� c(j) ø
]�&�_�8�	('�����_�8 p(s = c(j)|[U1 U2 · · · Un]),

1 6 j 6 2k ø�)�(������
p

(
s = c(j)

∣∣∣
[

U1 U2 · · · Un

])
=

p
(
s = c(j)

)

p
([

U1 U2 · · · Un

])
n∏

i=1

p
(
Ui|s

=
i c

(j)
i

)
=

A1

n∏

i=1

p (Ui|0)
1−c

(j)
i p (Ui|1)

c
(j)
i =

A1A2

n∏

i=1

[
p (Ui|1)

p (Ui|0)

]c
(j)
i

=

A1A2 exp

{
n∑

i=1

c
(j)
i log

[
p (Ui|1)

p (Ui|0)

]}
=

A1A2A3 exp

{
Ec

N0 (N0 + Ec)

n∑

i=1

Uic
(j)
i

}
,

(6)

@�ö2�
A1 =

1

2k

1

p
([

U1 U2 · · · Un

]) ,

A2 =
n∏

i=1

p (Ui|0),

A3 = exp

{
n

2
log

[
Ec

N0 (N0 + Ec)

]}
,

b���s j g�*�ø�b�.�	 ��� � A1 · A2 · A3 ø�� F 	

ý�w�j�+ ����, _�8����
2k∑

j=1

p
(
s = c(j)|

[
U1 U2 · · · Un

])
= 1 (7)

��5 ü � (6) í�� (7) H�I�	&õ���M�N�O P�Q�R �
Hadamard � n ��}�ø����+_+8���� ú�û ü e�-�W+!
ö2	 Ec í N0 ð�O P .�	�>�[���@�����.�# ü
2.2 /�0�1�2�3�4�5���6�7�8�9

=�> H�I��&ù V ,��;:;<�;:;�&ø Y 8;.�# úû ü���� � (1) í�� (2), ��5�}�~ ú J�K�b�. U ø
_�8�[�\����

p (U) =
1

2
[p (U |0) + p (U |1)] , (8)

��� ��:���í��:���d������




E (U) =
N0

2
+

N0 + Ec

2
,

E
(
U2

)
= (N0)

2 + (N0 + Ec)
2 ,

(9)

� Ec í N0 ��������:���í��:���ø�=����




Ec =
√

2E (U2) − 4E2 (U),

N0 = E (U) −
1

2

√
2E (U2) − 4E2 (U),

(10)

���;>&ô&õ��;" ö 	�j�l�5&ø OOK n�|�}�~ ú F
d���� ui(1 6 i 6 M), ���;:;�&í�;:;�&ø;.�# F
��� 




m1 =
1

M

M−1∑

i=0

ui,

m2 =
1

M

M−1∑

i=0

u2
i ,

(11)

��� Ec í N0 ø�.�# F ���������




Êc =
√

2m2 − 4m2
1,

N̂0 = m1 −
1

2

√
2m2 − 4m2

1,

(12)

ô��;?;@�	9B��;.�# ú&û � M = 620 � !�; F �
0.2 dB þ �B	�ACB Hadamard � n �Y}�øC�C��_�8
����ø�>�[ ü
2.3 D�E�F LDPC 4�G���

LDPC �Y��7CHCIYA�� ú�û 	9�;JY�;K;LNM CX
(AWGN: additive white Gaussian noise) õ�� ö

ý�e�g�j���õ���-�.���ø�ý�:�;�< [12] üPO��RQ U��
LDPC � �+� ���S�ö � AWGN õ+��T�U�õ+�+M+NV P ø �+� õ+� ü ��õ+��W+\�í�ò+L�! , O P ø Q+R
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�+	 ô���U > ø�)+(�ý�þ�e�g+U�$�� � ��ø+]�&+_+8
#�S�	���������ï LDPC A�����ø�<�� ü

�+��ï�:���ø+�� �[�����õ+�+6+7+8�< d�S����
"�A+�+#+S+.+	 j � ��	+s >�	 o�|��+�V@ 	 =�> �
7 32 ��ï V ,+&�
������ø������ LDPC � [19−20],

����U�]�������d���� 310, 620 ü 6�7�&�
�� (GF:

Galois field) GF(25) %�øY`�� – =����B� (RS code:

Reed-Solomon code) RS(31,2,30), ôY�C�C�����C<��
����c�^���� [19] ��5 GF(25) ø 310 × 620 �����
H

(1)
25,2−f,disp,2(10, 20), � � .�� 3, � � .�� 6, ���
�+��ï LDPC ��ø���&���� ü 6+7 GF(25) ��%�ø�K
L���� û 	9��5 H

(1)
25,2−f,disp,2(10, 20) �C$�ø����C�

� G, G ð���h 620× 310 ��� ü
��>�����ø�<��V@2����� 1550, 7 GF(25) ��%

ø 310 × 1 � � . x ��� ü ����<�I 3100 @ ��7
GF(25) ��%�ø 620× 1 �!�2. y ����	9�

y = G · x, (13)

� (13) '�ð�����ï LDPC ������" ü
����ï LDPC �YA�� � m � [21] �Y� 3 =Y� ü

�Yc#" p í ��$ " p ��7�ðYeYgYb�.�" p s��C&C�
��ñ�%���&�ø�' û 	 �+�+��ï+_+8�ø ��(�$�)�ü 6+7
Walsh–Hadamard FFT

o ��'�*+	 !+�+�+��h+J+K�b
.�J�í�ø+_+8+#+S+	 ������~���&�" p _+8�ø���" ü

��$�%+��ø+j+l m 	 � Hadamard ��A+����ø+<
I���� n b�.�" p ø�+#,�_�8�	 �C� �;&C�;����5
� 3 ö � m ��øYu�-�.���	�6�7��C>CHCIYA���#�S
��5 Hadamard ��s LDPC ��$�%���ø�A���o�| ü

� � 1 > A �RHRI > [R! � 3720 > 32
p

Walsh–Hadamard FFT #�S�	�s 357120 >/'/* d
S ü 1 > 32

p
Walsh–Hadamard FFT #�S � � 160 >

J û d S ü � | ñ ò ó � X ô õ ø ; < ^ 8 �
1 kbps, A���H�I 20 >�	PJ û / ' û e � #�S�.�d��
� 7.7 0�1�> / 2�í 4.6 0�1�> / 2 ü � U�ø�l Y�3
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