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�éDÚ��S�*ª!M �*ªÚè�£ ��*ªY(Ï&�Ç$�¯K, Äu� Kasami S�`û�g
�'Úp�'A5, JÑ
 M �*ªÚè�£ ��*ªüö�(Ü�Y(*ªÏ&#�{. Ø=|^
ØÓ�
S�&E, �|^
�ÓS��*ªè� &E. éug�'Úp�'¼ê3\5pdxD(ÚPá&�eé M

�è�£ ��*ªù«Y(Ï&�{�K�?1
©Û, ¿©O3ü«&�eéÙ5U?1�ý, �ý(JL²
3Ó�Ï&�Çe M �è�£ ��*ª�|D(Uå�pu��S�*ª!M �*ªÚè�£ ��*ª.

3Y³é M �*ª!è�£ ��*ªÚ M �è�£ ��ùn«�¹?1
'�5¢�. 3 104 'A�êâ
þe, ¢y
 253.6 bps Ï&�Ç� M �è�£ ��ÃØèDÑ.

'�c: Y(Ï&, *ª, M �, è�£ ��

PACS: 43.30.+m

1 Ú ó

�X�¬�uÐ!<�é°�]mu�½
�I�Ú�¯I�éYeÏ&I¦�½3w%, (
Å���`�YeDÑÀJ, ÓâX�5���
/ . Y(&�´î8��JÝ���Ã�&��
�. du°Y0�E¤pª&Ò�P~�~î,
±9Y(u��Uìó²Eâ���, ��
Y(
&�éÄ��|^�°. du°��¸�E,õC,
E¤
Y(&���C!ªCÚ�CA5.

*ªÏ&kXûÐ�|D(Ú|õ»Pá�
Uå, Ïd�2�A^3Y(+�. �´DÚ�*
ª�ªÏ&�Ç�$, ��5��, ®²ÅìØU
÷v¬^Ú�^éY(Ï&��¦. Cc5, M �
ª£�� (MFSK) Eâ [1], M ��£�� (PSK)
*ªEâ [2], ��N� M �*ªEâ [3,4], õ1
Å*ªEâ [5,6], è©õ� (CDMA) Eâ [7,8], M

� CDMA Eâ [9−11], M �Nª [12] Úè�£ 
�� (CSK) Eâ [13] �Ñy, 3�½§ÝþJp


Ï&�°�5ÚÏ&�Ç. Ù¥, ©z [13] ¥
� CSK Eâ3 2 kHz ��°S, üÏ��Ï&�Ç
� 375 bps, ØèÇ3 10−3 �þ?. ©z [9] ¥¦^
ó ?èÚ M �*ª�(Ü�Eâ¢y
üÏ�
Ï&�Ç� 50 bps, ØèÇ� 10−4 �þ?.

éu©z¥¤ã�Ï&�{, éõÑ�6õÏ
�Úõ1ÅEâ5JpÏ&�Ç, ùü«�Y�
�Ú\, ò¬�5èmZ6Ú1ÅmZ6, �7,
E¤XÚ5U�îeü. �
;��\�6ù
ü«Eâ�´¶, �©ÏéÙ¦�å», ÏLò M

�Ú CSK ü«Eâ�(Ü, �5XÚ�N5U�
Jp.

�
?�ÚJpÏ&�ÇÚ|D(Uå, �©
lJpzÎÒ1k&Eþù��Ý\Ã, JÑ M

� CSK ù«Y(Ï&�#�{, |^ M �Ú CSK
ü«Ï&�YPk�Ó�uÿ�ª�A:, òü«
Eâ�(Ü, ¿©|^S��Ì�g�'5ÚÓ�
xS�mûÐ�p�'5�A:, ?�ÚJpÏ&
�Ç. �©í�
 M � CSK Ï&XÚzÎÒÈ©
ÑÑ�L�/ªÚK�ÙÈ©ÑÑ��'¼ê�
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L�ª. �ý�y
 M � CSK ÚÙ¦A«�ª�
'Ï&�Ç�JpÚ|D(Uå�O\. ��ÏL
¢��y
�ý(J��(.

2 M � CSK �n

éuNõ��ÅS�5`, X m S�!Gold
S�Ú Kasami S�ÑkXûÐ�Ì��'A5,
ùÒJø
DÑ&E�#g´, Ø=�±r&E
N�31Å�� þ, ��±N�3��Åè�
è� þ, 3è�� N ��¹e, ÙÏ&�Ç'
Ó�è����S�*ª (DSSS) N�Ï&�ÇJ
p lb(N) �.

M �*ªÏ&�g�´¦^ØÓ�S�L«
ØÓ�&E, 3þãPkûÐ�Ì��'5�S
�¥, k�
�Pk`û�p�'5, X Gold S
�Ú Kasami S�. ûÐ�p�'5¿�XØÓ
S�m�©EUå�r. Ù¥, � Kasami S��
p�'5��
 Welch ½Â��'e.. M �
� Ï & � Ç � Ó � è � � DSSS Ï & � Ç �
lb(M) �.

ò M �Ú CSK ùü«Eâ(Üò�?�Ú
JpÏ&�Ç, ÙÏ&�Ç��Ó�è� DSSS Ï
&�Ç� lb(MN) �. duüö3uÿ�ªþC
q, ¤±�¬¼��
�	�OÃ.

ã 1 ´ M � CSK Y(Ï&XÚ��nµã.

ã 1 M � CSK Y(Ï&XÚ

Äk, ÏL*ªè)¤ì�)*ªèS� ci(t),
1 6 i 6 M , Ù¥ M �� Kasami S��êþ, �
â M �þ�&E, ÏL*ªèS�ÀJì, À�
1 i �*ªS�. ,�?1è�£ ��, �âè�
 þN��&E, é ci(t) è�£  j, �� ci,j(t),
1 6 j 6 N , Ù¥ N �S���Ý, ÏL1ÅN�
�, u�&Ò�±L«�

s(t) = Aci,j(t) cos(wct + ϕ), (1)

Ù¥, A �u�&Ò�ÌÝ, ci,j(t) �è� N , è¡
±Y�m� Tc �*ªè, �1k lb(MN) 'A&
Eêâ�ÎÒ�±Y�m� T , K T = NTc.

u�&Ò²{Y(&�, É�
õ»PáÚD
(�K�. ���&Ò�DÂ�ò� τ0, P~��
ÌÝ� A0. õ»&Ò�DÂ�ò� τl, 1 6 l 6 L,
Ù¥ L �õ»�^ê, ���ÂÅ�ÌÝ� Al. d
�, �Â&Ò�±L«�

r(t) =
L∑

l=0

Alci,j(t + τl) cos(wc(t + τl) + ϕ) + n(t)

=
L∑

l=0

Alci,j(t + τl) cos(wct + ϕl) + n(t), (2)

Ù¥, ϕl = wcτl + ϕ, �/1Å� cos(w′
ct + ϕ′), 3

�¤1ÅÓÚ�� w′
c = wc, ϕ′ = ϕ0.
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d�/�)�*ªS�²LS�ÀJìÚè
�£ �±�� c′k,m(t), k Ú m ©O´S�ÀJ&
EÚè�£ &E, Ù¥ 1 6 k 6 M , 1 6 m 6 N .
� k = i, m = j �, c′k,m(t) = ci,j(t + τ0).

e¡�©=ïÄ��ÎÒ±Y�mS�È©
ÑÑ, È©ì�^u τ0 6 t 6 T + τ0, KÑÑ�

Vk,m(t) =
1
2
A0

∫ T+τ0

τ0

ck,m(t + τ0)ci,j(t + τ0)dt

+
1
2

L∑
l=1

Al

∫ T+t0

t0

ck,m(t + τ0)ci,j(t + τl)

× cos[wc(τl − τ0)]dt

+
∫ T+t0

t0

n(t)ck,m(t + τ0)

× cos(wct + ϕ0)dt, (3)

3þª¥, i Ú j ´~þ, k Ú m ´Cþ. þª¥�
*ªè�¦�±^�'¼ê�/ªL«Ñ5

Rk,m(0) =
∫ T+τ0

τ0

ck,m(t + τ0)ci,j(t + τ0)dt,

(4)

Rk,m(τl − τ0) =
∫ T+τ0

τ0

ck,m(t + τ0)ci,j(t + τl)dt,

(5)

Kþª�±�¤

Vk,m(t) =
1
2
A0Rk,m(0)

+
1
2

L∑
l=1

AlRk,m(τl − τ0)

× cos[wc(τl − τ0)]

+
∫ T+t0

t0

n(t)ck,m(t + τ0)

× cos(wct + ϕ0)dt. (6)

éuØÓ� k Ú m, �±��ØÓ� V (t). é
ØÓ� k Ú m ����, �� max(Vk,m(t)), ù´
�� M 1 N ��Ý
, 3ù�Ý
¥, ���
¤3�1Ú�Ò´ M �Úè� þN��&E.

3d, è��'¼ê Rk,m ´K�)N(J
�  � � Ï �, � 
 ï Ä ù � � ' ¼ ê � � �
� Kasami S��'¼ê��m�'X, e¡3
è¡?OþéÄu� Kasami S�� M � CSK �
'A5?1?Ø.

3� Kasami S�¥, Ø� m S�	�g�'

¼ê��

Rx(s) =

{
− 1

N
,
−1 − 2

n
2

N
,
−1 + 2

n
2

N
, 1

}
, (7)

K Rx �±½Â� Rx(s) =
1
N

N∑
i=1

xixi+s, Ón�

�²è�£ ��g�'¼ê�

Rz(s) =
1
N

N∑
i=1

xixi+k+s. (8)

3 \ 5 p d x D ( (AWGN) & � e, é
u DSSS Ú M � * ª 5 `, � � � � û C þ
� Rz(0), DSSS ´ é Ù ? 1 4 5 � û, � � �
� � ( J. M � ´ r ù � � û C þ Ú p � '
¼ ê � Rz,m(0) ? 1 ' �, ? 1 � � � � û.
 M � CSK du k �Ø½5, Ùg�'¼ê�
� Rz(s), s ∈ [1, N ], Ù¥ Rz(s) ÎÜ (7) ª¼ê�
�©Ù. 3ù�g�'¼ê�¥Ïé����L§
��u3g�'����µeuÿÌ�, ù�¬ü
$|D(�Uå.

� Kasami S��p�'¼ê��

Rx,y(s) =

{
− 1

N
,
−1 − 2

n
2

N
,
−1 + 2

n
2

N

}
, (9)

Ù ¥ N � S � � � Ý, n � � ê, � x Ú y �
� Kasami S�8¥�fS�. K Rx,y �±½Â

� Rx,y(s) =
1
N

N∑
i=1

xiyi+s, dS��Ì�£ 5,

�� xk+N = xk, yk+N = yk. - z � x �è�£ 
S�, m � y �è�£ S�, K

z =

 xi+k, 1 6 i 6 N − k,

xi+k−N , N − k + 1 6 i 6 N ;
(10)

m =

 yi+l, 1 6 i 6 N − l,

yi+l−N , N − l − 1 6 i 6 N.
(11)

� k 6 l, K²è�£ �� z Ú m �p�'
¼ê�

Rz,m(s) =
1
N

N∑
i=1

zimi+s

=
1
N

N−l∑
i=1

xi+kyi+l+s

+
1
N

N−k∑
i=N−l+1

xi+kyi+l−N+s
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+
1
N

N−k∑
i=N−l+1

xi+k−Nyi+l−N+s

=
1
N

N∑
i=1

xi+kyi+l+s. (12)

� k > l ���±��Ó��(J. 3 AWGN
&�e, éuÄu m S�� DSSS 5`, p�'¼
ê� − 1

N
. éu M �*ª5`, p�'¼ê=z�

�½� Rz,m(0), éu M � CSK 5`, Ùp�'
¼ê� Rz,m(s), s ∈ [1, N ], Rz,m(s) ÎÜ (9) ª�
¼ê�©Ù�¹. duè�£ �Ø½5, �' M

�*ª5`, ùÒO\
�p�'¼ê�Ñy�V
Ç, �ü$
|D(�Uå.

þ¡©Û
3 AWGN &�e, �'¼êé)
NE¤�K�. e¡5ïÄPá&�e, �'¼ê
éÄu� Kasami S�� M � CSK �K�, ùp
�ïÄØÓò�è¡ê�õ»�Ì»��'¼ê,
n �õ»ò´�è¡ê.

� 1 6 n 6 N − 1 �, �'¼ê�

Rt(s) = Rz(s) + Rz,m(s)

=
1
N

N−n∑
i=1

zizi+s +
1
N

N∑
i=N−n+1

zimi+s

=
1
N

N−n∑
i=1

xi+kxi+k+s

+
1
N

N∑
i=N−n+1

xi+kyi+l+s, (13)

Ù¥, Rt(s) ´õ»ÚÌ»��'¼ê, �L«�ü
Ü©�'¼ê�Ú�/ª.

� n > N �, � m ´ n Ø± N ���{
ê, K

Rt(s) = Rz,m(s) + Rz,p(s)

=
1
N

N−m∑
i=1

zimi+s +
1
N

N∑
i=N−m+1

zipi+s

=
1
N

N−m∑
i=1

xi+kyi+l+s

+
1
N

N∑
i=N−m+1

xi+kqi+u+s, (14)

Ù¥, p =

 qi+u, 1 6 i 6 N − u,

qi+u−N , N − u − 1 6 i 6 N
.

(13) ªÚ (14) ªÒ´ M � CSK 3è�?O

þõ»Z6�L«/ª. ÚDÚ�Äu m S�
� DSSS ¥�õ»Z6�', §»�
S�ûÐ�
Ì��'A5, rÌ��'¼ê=z�ü�Ü©�
'¼êÚ�/ª. ÚüX� CSK �ª�'�, M

� CSK ^Ü©p�'¼ê�O
 CSK �Ü©g�
'¼ê.

3 �ý©Û

±eòéÓ�è� M � CSK ÚÙ¦�ª
�'|D(5U��*LyÚÓ�Ï&�Ç M

� CSK ÚÙ¦Ï&�ª?1'�, ÄkéÄu m

S� DSSS!M �*ª!CSK *ªÚ M � CSK
*ª� BER �?1'�, �ýæ^� Kasami S
�, æ�ªÇ� 48 kHz, �°� 6—10 kHz, Y³&
�À-�AXã 2 ¤«.

ã 2 Y³&�À-�A

Ó�è�� BER �'�Xã 3 Úã 4 ¤«.

¦ � ´ 3 � Ó è � � ¹ e ' � DSSS!M

�!CSK Ú M � CSK 3 AWGN ÚPáü«�
¹e�|D(5U. ÃØ´ AWGN �´Pá&�,
lã¥Ñ�±��ù��(Ø: DSSS �|D(5
Upu M �, M �pu CSK, CSK pu M � CSK.
ù��ÐÚ§��Ï&�Ç¤�'.

±þ´Äu�Óè��¹e, éØÓÏ&�ª
�5U©Û. e¡·�5ïÄÏ&�ÇÄ��Ó�
�¹e, |D(Uå�©Û.

3 ã 5 ¥ M � CSK (è � � 15) � Ï &
� Ç � 665 bps, DSSS (è � � 3) � Ï & � Ç
� 666.7 bps. �
'�|D(Uå, ùp½ÂØ
èÇ� 10−4 ���ºÝ5?1î�'�. 3ù�
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ºÝe, M � CSK 3 AWGN &�e' DSSS |
D(Uåp 1.9 dB, 3Pá&�e' DSSS |D
(Uåp 1.2 dB. M � CSK �Ï&�Ç' DSSS
ú 0.25%. Ï~5ù, 3 AWGN &�e, ��ÅS�
è�O\��, |D(UåO\ 3 dB. 3ù�IO
e, éw,�±��ù��(Ø, 3Ó��Ï&�

ã 3 DSSS!M �!CSK Ú M � CSK '� (è� 15)

ã 4 DSSS!M �!CSK Ú M � CSK '� (è� 63)

ã 5 DSSS Ú M � CSK '�

Çe, M � CSK 3 AWGN ÚPá&�e�|D(
Uåþ' DSSS �Ð.

ã 6 ' � 
 CSK (è � � 31, Ï & � Ç
258 bps), M � (è�� 15, Ï&�Ç 266 bps) Ú M

� CSK (è�� 63, Ï&�Ç 253.6 bps). 3d, M

� CSK �Ï&�Ç' CSK �Ï&�Çú 1.71%,
' M �Ï&�Çú 4.66%. 3 10−4 �ºÝe, M

� CSK 3 AWGN &�e' CSK �|D(5U
p 1.4 dB, ' M �|D(5Up 2.9 dB. 3Pá&
�e, ' CSK �|D(5Up 2.5 dB, ' M �|D
(5Up 2.2 dB. éu M � CSK 5ù, ±Ï&�Ç
z©�A����� 1 dB ±þ�|D(Uåw,
´���. ù��±`², 3Ó��Ï&�Çe, M

� CSK ÃØ´3 AWGN �´Pá&�e, |D(
UåÑpu M �Ú CSK ü«Ï&�ª.

ã 6 CSK!M �Ú M � CSK '�

Ï L þ ã � ý, � © � � 
 DSSS!M

�!CSK Ú M � CSK 3 AWGN ÚPá&�e
��
LyÚ5Æ, �y
3Ó��Ï&�Çe,
M � CSK ÃØ´ AWGN �´Pá&�e, |D
(UåÑ�Ðu DSSS!M �Ú CSK ùA«Ï&
�ª.

4 ¢��y

þ ã � ý � y 
 3 õ » P á & � e, M

�!CSK Ú M � CSK �5U. e¡ÏL'�5
¢�5�y M �!CSK Ú M � CSK 3Pá&�
e�5U. �¢�u 2012 c 2 �3M�Tó§�
Æ&�Y³?1, TY³k��Ý� 45 m, ° 6 m,
Y� 5 m, o±Ùká(k3, ³.�â., �Â�
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u��UìþÃ��5,  uY³¥
 �, �Ý
þ� 2 m, �å� 15 m, XÚó�ª�� 6—10 kHz,
æ�ªÇ 48 kHz. �
��*/'�ØèÇ, �
¢�DÑ�´�?�ã�êâ, ã�êâ���
� 10 kbit, æ^©vDÑ��ª. M �, CSK Ú M

� CSK �Ï&�Ç©O� 266, 258 Ú 253.6 bps,
Cq@�§��Ï&�Ç��, 5'� BER 5U.
�¢��n«Ï&�ª3Ó��&�e, ¦^�
Ó�u�õÇ. Y³¢�ÿ��&�À-�A�
ã 7.

u���©ã�Ún«Ï&�ª��Âã�
Xã 8 ¤«. dã�±wÑ, 3 104 'A�êâD
Ñþe, M ��Âã��ØèÇ3 10−2, CSK �Ø
èÇ3 10−3,  M � CSK �±¢yÃØèDÑ.
�±��ù��(Ø, M � CSK �ØèÇ��Ð

u M �Ú CSK �ØèÇ. ùÒ¿�XÚDÚ�Ï
&�ª�'�, M � CSK 3Ó��Ï&�Çe¬
¼��Ð���5.

ã 7 Y³¢ÿ&�À-�Aã

ã 8 ¢�ux��Âã� (a) �©uxã�; (b) M ��Âã�ØèÇ 3.4%; (c) CSK �Âã�ØèÇ 0.12%; (d) M � CSK
�Âã�ØèÇ 0

5 ( Ø

�©JÑ
�«Äu� Kasami S�!M �
Ú CSK Eâ�(Ü�Y(*ªÏ&Eâ, §ò*
ªè�� &EÚ*ªS�&E(Üå5, ¿©|
^*ªèûÐ�Ì��'A5ÚS�mûÐ�p
�'A5, ?�ÚJpzÎÒ1k�'Aê, 3Ø
ã+��5�Ó�, JpÏ&�Ç. �©ÏLí�

�� M � CSK XÚzÎÒÈ©ÑÑ�L�ªÚ
Ù�'¼ê�L�ª. ÏL�ý�y
 M � CSK
ÃØ3 AWGN ÚPá&�e, |D(UåÑ�Ð
u m S�!M �Ú CSK ùA«Ï&�ª. ¿Ï
L¢��y
 M � CSK 3�����Pá&
�e, 3Ó��Ï&�ÇeØèÇ5U�Ðu M

�Ú CSK, 3 253.6 bps �Ï&�Çe¢yÃØè
DÑ.
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M -ary code shift keying spread spectrum underwater
acoustic communication∗
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Abstract

Aiming at the low data rate of traditional direct sequence spread spectrum, M -ary spread spectrum and code shift keying un-

derwater acoustic spread spectrum communication, a new combine method of M -ary code shift keying underwater acoustic spread

spectrum communication is proposed based on the small Kasami sequence with good self and mutual correlation. Different sequence

information and the same sequence code phase information are used in this method. The influences of self and mutual correlation func-

tion on M -ary code shift keying underwater acoustic spread spectrum communication over gaussian and fading channel are analyzed.

The performances under the two kinds of channels are simulated. The simulation shows that the ability for M -ary code shift spread

spectrum to overcome the noise is better than for the direct sequence spread spectrum, M -ary spread spectrum and code shift keying

spread spectrum. The comparative experiment is conducted to compare the M -ary spread spectrum, code shift keying spread spectrum

and M -ary code shift keying spread spectrum in the pool. The M -ary code shift keying communication rate of 256.3 bps with no

transmitting error in 104 bit data volume is realized.

Keywords: underwater acoustic communication, spread spectrum, M -ary, code shift keying

PACS: 43.30.+m
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