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�éÚOþ�{_uÿõ?��Ì�� (MPSK) &Ò�"�, JÑ
�«Ì�� .ëYõ�Eê Hopfield 
²�ä�{, �E
·^u MPSK &Ò�Ì�.lÑõ>²-¹¼ê, ¿©O3ÉÚÚÓÚ�#�ªey²
T 
²��­½5. �T ²���Ý
/Ï�ÂêâÖÝK�f�¤�, TÌ�.lÑ Hopfield ²�ä�k�/¢
y MPSK &Ò_uÿ. �ýÁ�L²: T�{¤I�Âêâ�á, ����Ûý):, ¿�·^u¹ú":&�.
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1 Ú ó

�
÷vy�Ï&XÚ¥p�êâDÑ�
�¦, õ?�êiN�XÚ®É�FÃÊH�
'5. õ?�êiN�´|^õ?�êiÄ�
&Ò�N�1Å��Ì!ªÇ½� , ��?
�êiN��', 3�Ó�è�DÑ�Çeõ?
�êiN�äk�p�&EDÑ�Ç. õ?�ê
iN�XÚ�õ?��Ì�� (MPSK) (�d
uäk`É�5UÚ�$�)NE,Ý, ¤�'
5�­:. �©JÑ
ÄuÌ�.lÑõ>²E
êHopfield ²� (complex Hopfield neural network

with amplitude-phase-type hard-multistate-activation-

function, CHNN-APHM) ��{^u)û MPSK (
�&Ò_uÿ¯K.

DÚ� CHNN-APHM d4�I¥½Â� “ü
 ��©�õ>²-¹¼ê” �¤, ^�ê/ª�
EêL� [1−5]. ù« ²�ä3©z¥  ^u

&EÚ�Ý
�±Ì�?è (amplitude and phase

coding) �é�PÁ|Ü, ��^u)û|Ü`z
¯K½ö_&Òuÿ¯K. Zurada � [3,6,7] |^
ÙM#�E� Hopfield  ²�äé¹D(��x
ã�?1ã�¡E, ¿é�ä�­½5?1©Û.

©z [8] |^¢ÜJÜ.lÑõ>² Hopfield  
²�¢y
��NÌ&Ò�_uÿ, �´Ø·^
u MPSK&Ò.

�©SNSüXe: 1 2 !0�
Ì�.l
Ñõ>²Eê Hopfield  ²� [1,4]; 1 3 !�Ñ

 CHNN-RIHM �-¹¼êÚUþ¼ê, ïÄ¿y
²
Ù­½5, ©O�ÑÉÚÚÓÚ�#�ªe�
�A(Ø; 1 4 !�ý¢�; ��o(
�©SN.

2 Ì�.lÑõ>²Eê Hopfield  
²�ä

�©� CHNN-APHM Xã 1 ¤«. �O
#
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�Ì�.lÑõ>²-¹¼ê (APHM), L�ª
X (2)ª¤«.
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ã 2 � K = 8�ÉÚ�#�ªeG��#«¿ã

Xã 1 ¤«, CHNN-APHM �Ä��§�

s (k + 1) = σ (Ws(k)) = σ (y(k)) , (1)

ª ¥  ² � � ê � N , G � � þ s(k) =

[s1(k), s2(k), · · · , sN (k)]T,

ym(k) =
N∑

j=1

wmjsj (k),m = 1, · · · , N, (2)

wmj ´l ²� sj � ²� sm �m� ²�â
>é(��, �Ý
 W H = W (þI H L«�Ý
=�). ã 2� K = 8�, �©�E�·^u MPSK

&Ò�Ì�.lÑõ>²-¹¼ê σ(·) «¿ã,

σ(·) �L�ªX (3)ª¤ã:

σ (u) = σ
(
auei(ϕu)

)
= ei(lϕ0) = zl,

∀
(

l − 1
2

)
ϕ0 6 arg (u) <

(
l +

1
2

)
ϕ0, (3)

ª¥ u L«-¹¼ê�Ñ\, au Ú ϕu ©O´ u

�Ì�Ú��; z = eiϕ0 , 
 ϕ0 = 2π/K, ´þz

ü �; K �þzÏf, = MPSK (�þ�&Ò
ê; l = 0, 1, · · · , (K − 1). ~Xéu 8PSK &Ò, À
J K = 8, ϕ0 = π/4, ���I²¡��©¤ 8 �÷
«, z�÷«�¹��þz: zl, l = 0, 1, · · · , 7, á
3 l ÷«S�-¹¼ê?ÛÑ\Ñò�)ÑÑ zl.

e¡, ·�ò3ÉÚ [1] ÚÓÚ�#�ªe©
Oy²�ä�­½5. ��ä�ÉÚ�#�ª�,

3�� k, N ��þ¥�k�� ²��G���
�#; ��ä�ÓÚ�#�ª�,�� k, N ��þ
¥¤k ²��G�Ó��#.

½½½nnn 1 d N � ²�|¤� CHNN-APHM

�ä, ��ä��Ý
 W ´ Hermitian 
, �é�
��K�, CHNN-APHM 3ÉÚ�#�ªe�Uþ
¼ê�

E(k) = −1
2

N∑
j=1

N∑
m=1

wmjsj(k)s∗m(k)

= −1
2
sH(k)Ws(k), (4)

ª¥ s∗m (k) L« sm (k) ��Ý.

yyy²²² ��ä�ÉÚ�#�ª�,�� k �þ
¥�k�� ²��G����#. Ø���5,

b� sl(k) ��#, K ∆sl = sl (k + 1) − sl (k) 6= 0,

l ∈ {1, · · · , N}, ∆sj = sj(k + 1)− sj(k) = 0, j 6= l.

�â (1)ª, k

sl (k + 1) = σ (yl(k)) , (5)

(5)ªL«1 n � ²�ÑÑ yn(k) =
N∑

j=1

wnjsj (k)

²��þz�Ì�8�z�e���&Ò. dã 2

��, sn (k + 1) Ú sn (k) Ñ´ü �þ�lÑE
ê&Ò, �k����Cþu)Cz. Ïd�b
� sn (k) G�Cz� sn (k + 1), ��£Ä m � ϕ0,

m ∈ {0, 1, · · · , (K − 1)}, = sn (k + 1) = zmsn (k).
d (5)ª��, sn (k + 1) éA� yn (k) �½�

L«�

yn (k) = |yn (k)| · ei∆ϕ · sn (k + 1) . (6)

d (5)ª��1 n � ²�&Ò sn (k + 1) �G�
´d k���Ñ\ yn (k) ¼�:

sn (k + 1) = σ (yn(k))

= (yn(k)/|yn(k)|) · e−i∆ϕ, (7)

ª¥ ∆ϕ �Ñ\� yn (k) ��Ý�þz���m
� �. w,Xã 2 ¤«, yn (k) � sn (k + 1) 7,
á3Ó�y©«�S, �� � |∆ϕ| �u ϕ0/2.
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�
 y ² T�ä � É ÚÂñ 5, � I y
² s (k) → s (k + 1) ��#L§¥Uþ¼ê4
~��k��.

d½n 1 ��,�ä��Ý
 W � Hermitian

Ý
, � s (k) → s (k + 1) ��#L§¥UþCz
� ∆E (k) = E (k + 1) − E (k). �#�ª�ÉÚ�
ª, �k1 n � ²�&Ò sn (k) G�u)Cz,

Kd (4)ªk:

E(k + 1) = −1
2

(s (k) + ∆s)H W (s (k) + ∆s)

= −1
2
s (k)H Ws (k) − 1

2
{
∆sHW∆s

+s (k)H W∆s + ∆sHWs (k)
}

= E(k) − 1
2

{
∆sHW∆s + s (k)H W∆s

+∆sHWs (k)
}

, (8)

∆E (k) = E (k + 1) − E (k)

= −1
2

wnn∆s∗n∆sn + s (k)H wnC∆sn︸ ︷︷ ︸
∆1

+∆s∗nwnRs (k)︸ ︷︷ ︸
∆2


= −Re {∆1} −

1
2
wnn, (9)

ª¥ wnC L«�
 W �1 n 1�þ, wnR L«
�
 W �1 n ��þ, ∆s∗n∆sn = 1; �

∆1 = s (k)H wnC∆sn

= ∆sn ·
(
wT

nCs∗ (k)
)

= ∆sn · (w∗
nRs∗ (k))

= (∆s∗nwnRs (k))∗

= (∆2)
∗
.

Ï� sn (k + 1) Ú sn (k) Ñ 3 ü � þ, ¤

±�- sn (k + 1) = eiϕsn (k),
2π

K
6 |ϕ| 6 π, ϕ

� sn (k) ^=� sn (k + 1) �=�, _����, ^
���K. q- yn (k) = wnRs (k) = |yn (k)| · ei∆φ ·
sn (k + 1), u´

∆2 = ∆s∗nwnRs (k)

= (sn (k + 1) − sn (k))∗

× |yn (k)| · ei∆ϕ · sn (k + 1)

=
(
sn (k + 1) − e−iϕsn (k + 1)

)∗
× |yn (k)| · ei∆ϕ · sn (k + 1)

=
(
1 − eiϕ

)
· |yn (k)| · ei∆ϕ

= |yn (k)|
(
ei∆ϕ − ei(ϕ+∆ϕ)

)
, (10)

Re (∆2) = |yn (k)| (cos (∆ϕ) − cos (φ + ∆φ))

= −2 |yn (k)| · sin
(
∆ϕ +

ϕ

2

)
sin

(
−ϕ

2

)
= 2 |yn (k)| · sin

(
∆ϕ +

ϕ

2

)
sin

(ϕ

2

)
.

d 2π/K 6 |ϕ| 6 π � �, ½ π/K 6 ϕ/2 6
π/2, ½ −π/2 6 ϕ/2 6 −π/K, 
qk |∆ϕ| 6
π/K, K = 2, 4, 6, · · · , ¤ ± 0 6 ∆φ + φ/2 6
(π/K + π/2), ½ö − (π/K + π/2) 6 ∆ϕ + ϕ/2 6
0, ù ¿�X sin (ϕ/2) � sin (∆ϕ + ϕ/2) ©ª Ó
Ò, Ï d Re (∆2) > 0. ? 
 ∆E (k) 6 0, ^ �
´W H = W , wnn �K. y..

½½½nnn 2 d N � ²�|¤� CHNN-APHM

�ä, ��ä��Ý
 W ´ Hermitian 
, CHNN-

APHM 3ÓÚ�#�ªe�Uþ¼ê�

E(k) = −Re
(
sH (k) Ws (k − 1)

)
, (11)

��äòÂñ���­½²ï:½±Ï� 2 �Ì
�S�.

yyy²²²

E(k) = −Re
(
sH (k) Ws (k − 1)

)
= −1

2
sH (k) Ws (k − 1)

−1
2

(
sH (k) Ws (k − 1)

)H

= −1
2
sH (k) Ws (k − 1)

−1
2
sH (k − 1) Ws (k) ,

Ïd, k

∆E (k) = E(k + 1) − E(k)

= −1
2
sH (k + 1) Ws (k)

−1
2
sH (k) Ws (k + 1)

+
1
2
sH (k) Ws (k − 1)

+
1
2
sH (k − 1) Ws (k)

= −1
2

(
sH (k + 1) − sH (k − 1)

)
Ws (k)

−1
2
sH (k) W (s (k + 1) − s (k − 1))

= −1
2

(
sH (k + 1) − sH (k − 1)

)
Ws (k)

−1
2

((
sH (k + 1) − sH (k − 1)

)
Ws (k)

)H
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= −1
2

N∑
j=1

{[
s∗j (k + 1) − s∗j (k − 1)

]
×

N∑
l=1

wjlsl (k)

}

−1
2

 N∑
j=1

{[
s∗j (k + 1) − s∗j (k − 1)

]
×

N∑
l=1

wjlsl (k)

})∗

= −1
2

N∑
j=1

{[
s∗j (k + 1) − s∗j (k − 1)

]
· yj (k)

}
−1

2

( N∑
j=1

{[
s∗j (k + 1)

−s∗j (k − 1)
]
· yj (k)

} )∗

.

� ∆Ej =
[
s∗j (k + 1) − s∗j (k − 1)

]
· yj (k), k

∆E (k) = −1
2

N∑
j=1

(∆E)j −
1
2

N∑
j=1

(
(∆E)j

)∗

= −
N∑

j=1

Re
(
(∆E)j

)
.

d (6) Ú (7)ª

∆Ej =
[
s∗j (k + 1) − s∗j (k − 1)

]
× |yj (k)| · ei∆ϕ · sj (k + 1) ,

ª¥�� � |∆ϕ| �u
ϕ0

2
.

b�, sj(k+1) = sj(k−1)·zm, 0 6 m 6 K−1,

�d sj (k − 1) · s∗j (k − 1) = 1, ��

Re
(
(∆E)j

)
= Re

([
s∗j (k − 1) · z−m − s∗j (k − 1)

]
× |yj (k)| · ei∆ϕ · sj (k − 1) · zm

)
= |yj (k)|Re

(
(1 − zm) · ei∆ϕ

)
= |yj (k)| (cos (∆ϕ)

− cos (mφ0 + ∆ϕ)) . (12)

du |yj (k)| > 0, é 0 6 m 6 K − 1, k

cos∆ϕ − cos(mφ0 + ∆ϕ)

= −2 sin
(
−mφ0

2

)
sin

2∆φ + mφ0

2

= 2 sin
mπ

K
sin

(mπ

K
+ ∆ϕ

)
. (13)

Ïd, aqÉÚ�#�ª��,

Re
(
(∆E)j

)
> 0,

Ïd

∆E (k) = −
N∑

j=1

Re
(
(∆E)j

)
6 0.

XJ ∆E (k) = 0, k m = 0, =éu¤k l = 1,

· · · , N , k

sl(k + 1) = sl(k − 1).

Ïd, � sl(k + 1) = sl(k)�,�äÂñ�­½²ï
:; ÄK,�äÂñ���±Ï� 2 �Ì�. y..

1 2 !©O3ÉÚ�#�ªÚÓÚ�#�
ªey²
 CHNN-APHM�ä�­½5. e¡�
ãXÛ|^ CHNN-APHM �ä¢y MPSK &Ò
_uÿ.

3 _uÿ MPSK &Ò��
��

�ÑD(�, üÑ\õÑÑ (single-input multi-

output) lÑ�m&���Â�§!_?n�§©
OXe:

(x(k))q×1 =
M∑

j=0

(hj)q×1 s(k − j), (14)

XN = SΓ H, (15)

3d, ux&Ò
 S = [sL+M (k) , · · · , sL+M (k +

N − 1)]T = [sN (k) , · · · , sN (k − M − L)], Γ

´ hj , j = 0, 1, · · · ,M �¤�¬ Toeplitz Ý
;

[h0, · · · ,hM ]q×(M+1) ´Ï&&��À-�A, �
Âêâ
� (XN )N×(L+1)q = [xL(k), · · · ,xL(k +

N − 1)]T.

(15) ªL ², � 3 � � m � � Ö ' Xª
span

{
X⊥

N

}
⊇ span

{
S⊥}

. e�ÛÉ�©) XN =

[U ,U c] ·

 D

0

 · V H, K�½�±�¤ÖÝK�

f Q = UcU
H
c , ¦ QsN (k − d) = 0, Ù¥ d = 0,

· · · , rank {XN}. âd�E5U¼ê9`z¯K [7]:

J0 = sH
N (k − d)QsN (k − d) = sHQs, (16)

ŝ = arg min {J0} . (17)

�| ^ CHNN-APHM ¢y & Ò _ u ÿ, ¦
) (16) Ú (17) ª�&Ò_uÿ¯K, �¦Uþ
¼ê����:éAu_uÿ5U¼ê����
:. '�Uþ¼ê (4)ª�5U¼ê (16)ª, �wÑ
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����KÒ, ¤±��Ä�O ²��ë�Ý

�ÝK�f/ª, X (18)ª:

W = [I − Q] , (18)

Ù¥, Q L«ÖÝK�f, I − Q =�ÝK�f, ù
�Ò¦Uþ¼ê����:éAu_uÿ5U¼
ê����:, l
U
^ CHNN-APHM ¢y&
Ò_uÿ.

d u s (k + 1) = s (k) � : =��ä ² ï
:, = s (k) = σ (W s (k)), ·� I � � _ u ÿ
� ý ) : K A T Ó�÷ v s (k) = σ (W s (k))

Ú s (k + 1) = W s (k). e¡?ØXÛl�þ�
²ï:¥�Ø�):, éÑý):.

½½½ nnn 3 ÃD(�, � ë � Ý 
 � W =

[I − Q], CHNN-APHM ��ý):�, ÓÚ�ª
e, Uþ¼ê����� −N ; ÉÚ�ªe, Uþ¼
ê����� −N/2.

yyy²²² ÓÚ�#�ªe, ò (18) ª�\ (11)

ª��

E(k) = −Re
(
sH (k) Ws (k − 1)

)
= −1

2
sH (k) (I − Q) s (k − 1)

−1
2
sH (k − 1) (I − Q) s (k)

= −sH (k) s (k)

= −
N∑

j=1

sjs
∗
j

= −N, (19)

(19)ª¥�1n��ª3ý):?��. ÓÚ�ª
e CHNN-APHM ��ý):, d�Uþ¼ê��
��� −N .

Ón, ÉÚ�#�ªe, ò (18)ª�\ (4)ª�
�

E (k) = −1
2
sH (k) [I − Q] s (k)

= −1
2
sH (k) s (k)

= −1
2

N∑
j=1

(
sjs

∗
j

)
= −N

2
. (20)

� CHNN-APHM ��ý):�, k

s (k) = σ ([I − Q] s (k − 1))

= σ (s (k − 1))

= s (k − 1) ,

¤±ý):&Ò=�¤Iuÿ�ux&Ò. duU
þ¼ê����´�½�, 
êâ�Ý N �®�
þ, Ïd��±^½n 3 �½���²ï:´Ä�
ý):, l
¤õüØ�):.

íííØØØ 1 �ÄD(�, �ë�Ý
� W =

[I − Q], CHNN-APHM ��ý):�, ÓÚ�ªe,

Uþ¼ê�unØ� −N ; ÉÚ�ªe, Uþ¼ê
�unØ� −N/2.

yyy²²² ½n 3 ?Ø
ÃD(��¹, CHNN-

APHM ��ý):�, k J0 = sH
N (k) QsN (k) = 0.

�ÄD(�, k J0 = sH
N (k) QsN (k) = 0≈ σ1, Ù

¥ σ1´ÛÉ�©) XN = [U ,U c] ·

 D

σn

 ·V H ¥

D(�m σn ����. ÏdÓÚ�#�ªek

E(k) = −Re
(
sH (k) Ws (k − 1)

)
= −sH (k) s (k) + J0

= −N + σ1 > −N.

ÉÚ�#�ªeÓn��. y..

4 �ý¢�

¢�æ^ h(t) =
2∑

j=1

(wRj (hR(α, t − τRj)) +

i · wIj (hI(α, t − τIj))) ² q = 3 Læ�� 2 »Ü¤
Eê&�,´a|&��¤.ÈÅì�Ü¤�A&
�. Ù¥: hR(α, t − τRj), hI(α, t − τIj) ©O´Eü
Ïf α = 0.1, ò´Ïf τRj , τIj �Å�)�,{u
óÀ�A; wRj , wIj ´3 (0, 1) mþ!©Ù��Å
�Xê. �ÄD(�, �Â&Ò�§�

(x̃(k))q×1 =
M∑

j=0

(Hj)q×1 (s(k − j)) + (n(k))q×1

= x(k) + n(k),

ª¥, n(k)´��xD(, � s(k) Õá. 
&D'

½Â� SNR = 10 log10

E
(
|xj(k)|2

)
E

(
|nj(k)|2

)
, ∀j = 1,

· · · , q.

¢¢¢��� 1 æ^õ»Ü¤�ÅEê&�, ux
&Ò� 8PSK &Ò�, ©Oæ^ÓÚ�#�ª�
É Ú � # �ª? 1 Monte Carlo Á� � CHNN-

APHM �{, �²;��ÚOþ�{'�ØèÇ;

140701-5
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Ù¥ TXK �{!f�m (subspace algorithm, SSA)

�{!�5ýÿ (linear prediction algorithm, LPA)

�{Ú CHNN-APHM �{�Ñ\&Òêâ 400

�; ���' (cross relation, CR) �{Ñ\&Òê
â 800. o«��ÚOþ�{Ú CHNN-APHM �{
'��ØèÇ­�Xã 3 ¤«.

� � � � � � � � �� � � �� � � �� � � �� � 	
� � � 
� � � � � 
 � � � ���� � � �� � �� � �� �� � � �  � � � !� � � �  � � � !

ã 3 8PSK &Ò, SOS �{� CHNN-APHM �{ØèÇ

¢¢¢��� 2 æ^õ»Ü¤�ÅEê&�, ux
&Ò� 16PSK &Ò�, ©Oæ^ÓÚ�#�ª
�ÉÚ�#�ª?1 Monte Carlo Á�� CHNN-

APHM �{, �²;��ÚOþ�{'�ØèÇ;

Ù¥ TXK �{!SSA �{!LPA �{Ú CHNN-

APHM �{�Ñ\&Òêâ 600 �; CR �{Ñ\
&Òêâ 1000. o«��ÚOþ�{� CHNN-

APHM �{'�ØèÇ­�Xã 4 ¤«.

lã 3 Úã 4 �±wÑ, ��ÚOþ�{¥,

SSA �{�5U�Ð. �´Ó�^�e, CHNN-

APHM �{ÃØ&Ò� 8PSK �´ 16PSK (�,

�ÃØÓÚ�#�´ÉÚ�#�ª, ØèÇ Ñ
`u SSA �{. 
�du CHNN-APHM �{´

�«� �_uÿ�{, ÃI�O&�½öþï
ì, ¡EÑ5�&Ò��&Ò�m�
Ý �

� ei
(
l
2π
K

)
, l = 0, 1, · · ·K − 1.

� � � � � � � � �� � � � 	 
� � � �� � � 
� � � �� � �
� � � �� � � ���� � � �� � �� � �� �� � � �  � � � !� � � �  � � � !

ã 4 16PSK &Ò, SOS �{� CHNN-APHM �{ØèÇ

¢¢¢��� 3 CHNN-APHM �{�êâþ�'X.

�¢��é 8PSK Ú 16PSK &Ò�ØÓ�Â
êâþ, ?1
ØèÇ'�. lã 5 Úã 6 �±w
Ñ: k�_uÿ¤I�êâþ�&Ò(��E,Ý
k'. éu 8PSK &Ò, N = 80 êâþÒ�; 
é
u 16PSK &Ò, KI� N = 200 �êâþâU¤õ
uÿ. d¢� 1,¢� 2 �� SOS �{¤Iêâþ
©O� 8PSK &Ò N = 400, 16PSK &Ò N = 600.

�© CHNN-APHM �{¤I�êâþ, ' SOS �
{¤Iêâþ�.

¢¢¢��� 4 ux&Ò� 8PSK Ú 16PSK (��,

©O?1�© CHNN-APHM �{���ÚOþ�
{� Monte Carlo ¢�. ØèÇ­�Xã 7 Úã 8

¤«. &��¹��ú":�õ»Ü¤�ÅEê&
�,�½��ú":� (0.3000—1.0000i), �Xê�
Å!ò´Ïf�Å. ~X: &�ëê�

[h(0) h(1) · · · h(M)]

=


−0.0293 − 0.0348i 0.1097 + 0.0479i 0.9350 + 1.1562i −1.4265 + 0.6777i 0.0139 − 0.0066i

−0.1788 − 0.2077i 0.7590 + 0.4270i 0.1148 + 1.1919i −1.2850 + 0.3507i 0.2554 − 0.1255i

−0.1817 − 0.2022i 1.1496 + 0.8603i −0.8666 + 1.0371i −0.6846 + 0.1152i 0.1752 − 0.0904

 ,

Ù ¥ M = 4, �½ þ ï ì �ê L, ¦ ) �
� (ΓL(h))(L+1)q×(M+L+1) ��� L + M , Ø´�
÷��.

dã 7 Úã 8 �±wÑ,ÃØ&Ò� 8PSK �

´ 16PSK, &�´Ä¹ú":, CHNN-APHM �{
ÑUéÐ/_uÿ&Ò. ù�y
|^#�`z5
U¼ê�E� CHNN-APHM �{·^u¹ú":
&�� MPSK &Ò_uÿ.
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� � � � � � � � �� � � � 	 
��
 � � � �� � � �� � � �� � �
� � � �� � � � � � � � � � � � � � � � �� � � � � � � � � � �  �� � � � � � � � � � � ! �� � � � � � � � � � � " � �� � � � � � � � � � � # � �
ã 5 8PSK &ÒØÓêâþe�{ØèÇ­�ã

� � � � � � � � �� � � �� � � �� � � �� � � 	� � 

� � � � � 
 � � � ���� � � � � � � � � � � � � �� � � � � � � � � � �  � �� � � � � � � � � � � ! � �� � � � � � � � � � � " � �� � � � � � � � � � � # � �
ã 6 16PSK &ÒØÓêâþe�{ØèÇ­�ã

� � � � � � � � �
� � �� � � �� � � �� � � 	� � � 
� � � � � 
 � � � ���� � � �� � �� � �� �� � � �  � � � !

ã 7 ¹��ú":&�, 8PSK &ÒØèÇ­�ã

¢¢¢��� 5 ÃD(�¹, ux&Ò� 16PSK &Ò,

CHNN-APHM ü«�#�ªe, Uþ¼ê�S�Ú
êCz�­�ã.

ã 9 �ÃD(�¹e, N = 500 �, 3ÉÚÚ
ÓÚ�#�ªe, CHNN-APHM Uþ¼ê (4) ª

Ú (11)ª�S�ÚêCz. �±wÑ, ÉÚ�#�
ªe, Uþ¼ê3S�L§¥ÅÚeü, ����
� −N/2; ÓÚ�ªe, ý):�Uþ¼ê� −N .

� � � � � � �� � � �� � � �� � � �� � � �� � � 	� � 

� � 
 � � ���� � � �� � �� � �� �� � � � � � � �  

ã 8 ¹��ú":&�, 16PSK &ÒØèÇ­�ã

� � � � � � �� � � �� � � �� � � �� � � �
�� 	 
 � � � 
 � 
 �	 
 � � � 
 � 
 �

ã 9 ÃD(�¹e, 16PSK &Ò CHNN-APHM �{Uþ¼ê
­�ã

5 ( Ø

�©�é MPSK &Ò�A:�O
#�Ì�
.lÑ-¹¼ê, ¿3ÓÚÚÉÚ�#�ªe©O
y²
 CHNN-APHM �­½5. 3#�`z�

e, �Ñ
�äÂñ��Û��:�y². ��Ï
L5U�ý�y
ÃØ&Ò� 8PSK �´ 16PSK,

CHNN-APHM �{ÑUéÐ/_uÿ&Ò, 5U`
u��ÚOþ�{. ù�y
|^#�`z5U¼
ê�E� CHNN-APHM �{·^u¹ú":&�
� MPSK &Ò_uÿ�(Ø.

140701-7



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 14 (2012) 140701

[1] Jankowski S, Lozowski A, Zurada J M 1996 IEEE Trans. Neural

Networks 7 1491

[2] Muezzinoglu M K, Guzelics C, Zurada J M 2003 IEEE Trans.

Neural Networks 14 891

[3] Zhou W, Zurada J M 2009 IEEE Trans. Circuits and Systems-II:

Express Briefs 56 669

[4] Zhou W, Zurada J M 2009 Neurocomputing 72 3782

[5] Lee D L 2006 IEEE Trans. Neural Networks 17 1341

[6] Zurada J M, Cloete I, Poe1 E 1996 Neurocomputing 13 135

[7] Zurada J M 2000 Proc. of the 30th IEEE International Symposium

on Multiple-Valued Logic Portland, Oregon, May 23–25, 2000 p67

[8] Zhang Y, Zhang Z Y 2011 Acta Phys. Sin. 60 090703 (in Chinese)

[Üm, Ü�Z 2011ÔnÆ� 60 090703]

140701-8



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 14 (2012) 140701

Blind detection of M-ary quaternary phase shift
keying signals by a complex Hopfield neural

network with amplitude-phase-type
hard-multistate-activation-function∗

Zhang Yun1)† Zhang Zhi-Yong2) Yu Shu-Juan1)

1) ( College of Electronic Science and Engineering, Nanjing University of Posts and Telecommunications, Nanjing 210003, China )

2) ( College of Automation, Nanjing University of Posts and Telecommunications, Nanjing 210003, China )

( Received 10 October 2011; revised manuscript received 19 December 2011 )

Abstract

Considering the disadvantage of the algorithms based on statistics, a novel algorithm based on complex Hopfield neural network

with amplitude-phase-type hard-multistate-activation-function (CHNN-APHM) is proposed to detect M-ary quaternary phase shift

keying (MPSK) signals blindly. An amplitude-phase-type hard-multistate-activation-function is constructed. The stabilities of the

CHNN-APHM with asynchronous and synchronous operating mode are also analyzed separately. While the weighted matrix of CHNN-

APHM is constructed by the complementary projection operator of received signals, the problem of quadratic optimization with integer

constraints can be successfully solved with the CHNN-APHM, and the MPSK signals are blindly detected. Simulation results show

that the algorithm reaches the real equilibrium points with shorter received signals and if is applicable for channel with common zeros.

Keywords: complex Hopfield neural network with amplitude-phase-type hard-multistate-activation-function
(CHNN-APHM), blind detection, MPSK
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