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Abstract: A novel algorithm based on Complex Discrete Hopfield Neural Network (CDHNN) is proposed to detect
blindly multi-valued QAM signals in this paper. A multi-valued discrete activation function is constructed in both
of the real part and imaginary part of CDHNN. Limitation for the energy function of the classic binary-valued
discrete Hopfield neural network is analyzed in this paper and a new energy function for CDHNN is also
constructed. Further more the stability for multi-valued CDHNN is also proved in the paper. While the weighted
matrix of CDHNN is constructed by the complementary projection operator of received signals, the problem of
quadratic optimization with integer constraints can successfully solved with the CDHNN, and the QAM signals are
blindly detected. Simulation results show that the algorithm reaches the real equilibrium points with shorter
received signals and show high speed to detect blindly multi-valued signals.

Key words: Signal processing; Complex Discrete Hopfield Neural Network (CDHNN); Blind detection; QAM signal

Vol.33No.2
Feb. 2011

1 5I&%

EIAGEAE RE T, MQAM (Multi-Quadrature
Amplitude Modulated ) #§il{5 5 b T~ &4 A H
RAARZOURAF ] T2 NH, e ) 4%
Internet $iH NS BRI BT H 2k
B, A T RS AR, T H A S
HAE®GEME. 7P A ATM (Asynchronous
Transfer Mode). Jai M LAN(Local Area Network)
= T 7 86 VDSL(Very  high-rate Digital
Subscriber Line) %% %2 U8 5 W 4% F Ik 5] & T

2010-08-27W¢ %, 2010-11-14%[H]
5 A SRR EE 4 (60772060) 7 B
MEEEE: 7Kk y021001@njupt.edu.cn

QAMAE 5 H R MR B 7T 7 3K

s Rz M SEOUE (S SR SCiiR =2, E
EATAILL T g v e vt O R,
R B AR 2K, PRIk =2 S AR PR D)o T
H o TEIER RIS, i as I MQAMAE
B R P R HL e, A5 T B R i L TRV AR 2722 B 3 )
BB T T R, AT s QAMAE 5 1) A A
TR E AR K

CHPFHENNMN T “AEEZ R SOk
AT BT L, HHNNR SR (ARE) 2 1 kil 25k fe
B AL T H e A gk M 25 ) 22 05 i Hopfield ff
2 M 2$DHNN(Discrete Hopfield Neural Network)
MR RSP ORI, TR AT S B O



316 BT 516G 8 %R

% 33 %%

WRREL, P A BRI T A NG S, et
HEPRAE S M, AR AN B Y B Rl A5 i e v
QAMAE T BRI R TE K . {EIE L Hopfieldfi4:
£ CHNN (Continuous Hopfield Neural Network)
by STHR[6, TR HY T 22 P SO B ESONIUAH Y. 1)
SEHUHCHNN,  H g SOk A ReAd v Se s B 1)
ZME AR, R CIBRARCAZ” MR, TIANRERR G
ARFG GG T S B0 A 1), RIMQAM & il
) . SCHR[8MAIE TN R B CHNN, fHE X aeH
TR A H —EIME S RN QPSK, AR TRV A 52
HZWPES. KT 2 B FCHNNRAR E 8 H
F220084F A H B, f1 T4 B Bf Btk R 2535 45 2%
(Lipschitz) 21, BT BLZSCBR 2> M7 vEAEH] T2
HIPPDHNN. AT — B EAR AR bR e S« A7 5
SOy 2 AE RN R E . R AZ IR BR R B P HINN
FHREOE M A0 PR, A STkt dt
‘K A complex-valued neural network. 1XFE i) ER
BB E H T E B B B T BLE AH S b4
(amplitude and phase coding) FIBARIENZI G, A
fE I FH T RO B e VR R A 2 65 R 4H S DAk Il . 25
., DHNNHJTMQAMfE = E Al ) @l ie 4 AR W,
HARE T R =

ARSI T ASET K R A2 P B i Hopfield
FHZE N 4% (CDHNN) , I8 i SR g — ORI i) 5t s B 22
P U S BRI 5384 S CRITIEA R, AL
FINGEHT-64QAMIK) B BOBS eR &, #9031 — AN
[iGH T 2 - CDHNN I RE R 2, IF4h it T
2R RS T BRI o F T OO eR BOR T TR AR
SHFREME R, 59 PRESE {-7,-5 - 3,—1,
13,5, 7}V AU AN Z R, W IoEE 2 m
PRI R BT IR e, DRI v il 7 Rl 5 15
TR R IR AT )
2 SIMO E#ESERE R B/ AV 42 H

RGPS, F N 22 4 H SIMO(Single-Input
Multi-Output ) £ HN A5 & RHEMOT R H A T7
T3t E

X,y =8r" (2)

FEIE, RIEAGTHES = [543 (K), -+ 800 (k + N — nyt

=[sy(k), sy (k=M — L)|yursari ’(F)(L+1)q><(L+M+1)

I%hj)j =0,1,---, M F AP Toeplitz HilF; [hy,---,

P | par 0y 72 SEAR AR T 0 R 2, B0 B O
(Xy )NX(LH)(] = [z, (k), 2, (k+ N -1

X(2)FY, TlFIRE, —EHQ=UU"

EQsy(k—d)=0., Hpd=0--M+L, HU, €

RNX(N—(L+M+1)) ARV AN X, = [U, Uc]' 0 .VH
KT A 3 1 B B H S DA )
Jy = sk dQsy(k—d) = s"Qs  (3)
8§ =argmin{J,} (4)

Hps=s,+i-s; RonHIniE, HITEMEH. B
MR TS A, A={+1,4+3,+5,£7}.

RARS (4) FIARAL IR, AR RESEI ST Y QAM 15
SHIER . SCHER SR IE T — AN HNN, {HE 4K
ARJRIR T ZEHIE SR QPSK, Joifsil £ Hisr15
5o %183 DHNN F o I W S04 B2 fie Wl 22 IRz 5
i, FATH rEiE H 2 Hi V- CDHNN sKfig(4).
3 & Hopfield #Z MAIHE RIEEMH

ST LB Hopfield W JGEAREE 22 HL PR 4
T SRR (4) A ), AT R IE B ) S
Hopfield fHZ M U1P 1 FE 2 Fros, it TH g
X8 VA 5 1 B OO BR A, AR T BTN 4 11
RET PRAL

s(k) Ws(k) i

Ws(k) Re(+)

Im(-)

Kl 2 & Sigmoid M o, () 4if4
gl 1R 2 BoR, S8 Hopfield #1229 4% (¥ )75
JikEA
s(k+1)=sz(k+1)+i-s;(k+1)
= ogp (Re(Ws(k))) +i- oy, (Im (Ws(k)))
= oy (Ws(k)) (5)




F2H

5K A% SR HL Hopfield 4% BRI 64QAM 155 317

BHEW e VY, HWY =W . &3 HUME 8L

o5() = ogp() +i-0g() > H osp(t) = o5 (1) AR
I 8 W G i A, Wikl 3 Fs.

osp(t)

7

3

-8 -6 -4 21 T

3 W¥llo,, () wEE

sgn(t)- (142 fix(¢/2)), V[t| <8

ogpl(t)=04;(t) =
sn(t)=0s 7-sgn(t), Vit > 8

P fix () RN ) JFUS U, sgn() RORFF5 AL
SCHR[12] LG U L Hopfield MZS7E[R 2D

2 - CDHNN 7 [F P AT R B ek 2
HEMARE ML E 64QAM {55 N RECRIEZ U T BT
WS BN R e RS o e = 6(r) FBLd X (7) T e
X ogp(t) = og, (t) B REL, WK 4 iR,

()
6}

L

1t

2}
-3 -1

glm——_————_———

-2

-4

N7

B4 smfs(r) mEE

HERR R AE(K) =
38(9) A SHOE

E(s,k+1)—E(s,k), 5

U e E(s,k)=—sp,(k)W, k—1
T P Ly = ! )Rfsf”( '
N SRIj k SRIj k—1
Z wys, (k)s; (k—1) (8) + Z 7)dr + f §(r)dr| (10)
l7 1 0
It RE R PR EUE H T “ 928 — PSR, B
WECZ P, (8 R REMIERERBAM MRy, ] _(We W
I ot Pt S ZN RI — ’ RI —
MG TR, 7238 1R 1. 5 4 /T8 ik i . 81 w, W,
Mosi(k—1) Y s;(k+1) IESRSAME, Hls;(k—1) i W, BRI, T
>|s;(k+ I, iR el “iB” (&1 AE(k):f(s,TH (k+1)—sk, (kfl))
I:P Aj E‘Ji&{ﬁ) o an [Sry (k+1)
. K TR BT Hopfield %féélﬂ%&%%%’%ﬁ Wissg (k) + > (11)
BRI, TG AR T AR S T B 1 fi 1 R A =1 sy (k)
EIE 1 1?}1\11 W & Hermitian [,
N éR,j(kH)
Z Re(wys, (k)s; (k1)) = —Asjy Wyysp (k) + >
b=t I=1 sy (k1)
—I-i r (5( )d + q]/(k)(S( )d 2N oN sprj(k+1)
T)aT T)aT
1| % 0 = Z —Aspy; [Z WREiSRI; (k)] + o(r)dr
=1 =1 sprj(k=1)
sp;(k—1) sp; (k=1) N N
+ 6(r)dr + 6(r)dr 9) =>4+ 0] => AE k) (12)
0 0 j=1 j=1
R1 AE (k) LM AT GERE
Sy (kB =1) g (kB +1) Asg, 5 [5121; (k + 1)] A C, AE (k)
-7 -1 -6 [-2.0) (0,12] -24 (-24,-12]
Asy, >0 -3 1 -4 [0,2) (-8,0] —4 (-12,-4]
1 3 -2 [2.4) (-8,-4] 4 (-4,0]
5 1 4 0,2) [0,8) -12 [-12,-4)
Asy, <0 1 -5 6 [-6,~4) [-36,-24) 12 [-24,-12)
-1 -7 6 (—o0,—6) (—o00, —36) 24 (—o00,—12)




318 BT 516G 8 %R

% 33 %%

A A = —Aspy - Ospp(k+1)] 5 Hspp(k+1)] =
spij(k+1)

o(r)dr

sprj(k=1)

Aspr = sp;(k

2N
ZwRIjisth(k)]’ Cj =
i=1

+1)—sp(k—1)

KT sy (k — 1) B sy (k + 1) RAEREUE, HZEH
B, AR 1 P ag s, #n]
LAFHEN AE, (k) 862/ T 0, BEIMTATAIAE(R) <0 .
Bt ilhil, MMEIRERIAL N, HAE sy, (k+1)
= spy(k—1) A1k, EEe

F BN AT R P A i A B ST BU) S HE  REE
A5

sp(k+1) = ogp (Re (Ws(k;))) = sp(k)

s;(k +1) = oy, (Im (Ws(k))) = s, (k)

R, Arf3an N aie

I 2 EFRPPEAT, B 1 ProsE Hopfield
PP D BT RGAR o (P BEARAS : IRAS ) 1 1) SR
TR 70 [ IS4

BRI (V) BB A8 2 T Al . (2) 4
SIS R R 0 A [ B 300~ (1 05, AN ] BE SRR AR A5
2 BE R MST-A8ET i Hp e HE B i BRI T A R IR A
P
4 BRMNESHMZEMNERE

NI Z #F CDHNN SRAf(4) 015 5 5
DU, Vv A X PR B PR G R A

Wy = _)‘[QRI —diag (QRI)] (13)
Q; —Q
E¢%f=é Q;o

$x0(13) AN (10) AT 47
E(k)= A Sszl (k)- [QRI - diag(QRl)] “Spr (k—1)
spj (k) sppj(k—1)

f 8()dr + f 5(7’)d7’] (14)

0

2N

2
j=1

(et QB HIHLLH T, diag(Qu ) £H
Qp XA TCH BRI AR, A B4 ah R

HaC(IL) P, 4 Aspy = spy(k+1) — spr(k — 1)
=0, [T CDHNN A Z PRk A . A
RS PIFIEOL:

(1) sz, (k+1) = s, (k —1) = s, (k) » CDHNN P4
ARRERIA,  Aul et sl

(2) s (k +1) = sp;(k — 1) = s, (k) , CDHNN H|
IRV, ARG AR A

SR, A BRI (2) RS L. — B E T
BRI S, K HXBE A LA B FBTEAX

TGN 4, hRECE EE 4, 245
1 IR, PR EAR 25 10 AR J5 e . X
FEN TG R P AWK, IEMG 25 R H
{HRVR 2, RO LA s, — I AE 1.1 ihi.

i CDHNN ZAARAE S, A
spr (k) = oy {)\ : [QRI - diag(QRl)] +8pr (K — 1)}

= —0Ogp {)‘ : diag(QRI) “8pr (k- 1)}:331 (k—1)

P LARE S BR AT P R AR Hh AR 2 2 (3)
PeAb ) g, A 20 A IS 5 BRI B g (R &
B
5 {AEW

2
S R A(t) = Z(U’R] (hR(aat *Tnj))JFi'ij

j=1
(hylont —7,) % g = 3 XLRREM 2 Pt T Hcl

B S byt —7yy) s Byt =) SRR
Ta=01, ERET . 7w, BHL=ERTHR I
Ty FAE (0.1) SIS AR LU
Mo, HIEME, RO R R

/s

(@000 = (1), (50 = ) + (),
= (k) + n(k)
K n(k) RIESAMER, 5 s(k)J0r. mfEmeg g
B( Ja, 00 )

XA SNR = 101g

=Lq-

E( o,

S W D=k € T Lo ) R 71| B 9 S 1 ek (=B <1
HRENE E#1TMonte Carlo i I H L IRIGE

YT 16QAM {545, e B¥s A N = 300,
YT 64QAM 55, [FHEHIEKEN =500, &%H
HE4T 100 X Monte Carlo SZ46, A SCH VL3R
FKannE 5, B 6 ian. iR, AHEH
A O IR T AR Sl 2 W 4 S R R T T S R
SEEC B A, TIE P REHLE A E S QAM 15
SR

TEVME, G, FEATTREBA
LR T =W 1 11 [ P i A 3 T 1 B
W J=s"Qs< n, FHTIEPGELE S, PLPT ISk
BN R M /N o m A BAE, AT DA 5 2 e 8 B
X, 5o

I8 2 HVESEIRENCR.

ASZIGEE X 16QAM Fil 64QAM 15 5 (1 AR 4%
Wk, BT TIRASR . N 7, ] 8 ATLd
A ARERNITREREYE RS QAM 552
FEE IR K. T 16QAM 155, N =200 %
EELA G X T 64QAM 5T, WFEE N =500 fY



2k SR Y Hopfield W48 E R 64QAM 155 319

10°

= BlpLAIE
i

0 10

SNR(dB)

Bl 5 [l e HdR K N = 300
I 16 QAM 5 5 HVARILHR

10°
107!

1072

BER

107

10

107 L s & &

0 10 2 30 40
SNR(dB)
e N=300 —o N=500
& N—400 —& N=600
= N=450 —& N=700

8 64 QAM f& 5 MMEEH R LA Bl KR AR

i, A eIl A ASCVERE
o, ZE Al R ST B AN S B R S =
(1) 1/5 , AN e B e vk B AR I A i 7 s B
1/10 »

SKI8 3  fEMELL 40 dB 1HOLT, PR AR R KA
B IR AR IR B AL,

KO A5 LE40 dBIENL T, A4 DHNNRER IR
Ha(8) BEIRARIRE LA, SASHRHAEH T2
SFDHNN I fit R 2 (9) B IE AR S 1 1 . w]
DU, fE 4 R i e AR R i A TS L,
HH W AN H 2 i -CDHNN,

6 ZERIE

YEA N1k, R M4 S RIS 5 1 5
BRIRZ, (HXE R AR O g, I H )R
BT PR M 4, oA 2 PR S il . AL
SRV YRR B TR R RN ) 36 5 4 43 44 468 I 0% BT AH
ELA AR, L0 I 48 I Re AR Yo s 4k Al
H A ), B CBCARNCIZ” R, TN REAR R
55 AR EE BN 18 B0 AR W8, B MQAM
R ) 7 A RN, AL 2 H P CDHNN
W 248 A T e/ B o, g REAR LA 64QAM {55,
WSO MR R, BRARGHE T RENLEE, AR

K6 [MEdikrE N = 500
I 64 QAM fi5 B HkIR LR

20 30 40 0 10 20 30 40
SNR(dB)

SNR(dB)

Kl 716 QAM 155 {514
AR RS R K LR

0

—200
;'fé
B 400 b
w400
#
= —600 -
S

=800

—1000 L 1 L 1
0 5 10 15 20 25
IEARUHL (k)
- fR4Efigt R s
= ARSCRER AL

K9 fRMELL 40 dB I, AL R R4
LA RE I e HEIE AR B

(RISEIT AR BRI RE Sy o AR PR RE R BCU R &

ARF RIS LUERIE S, (BN R ME Y

/D AU S R SRR, PERESZMR R SRR,

(ETAPN a8 =23k CIVARE RN R I DD G/ R B (M K

RERR L S (E MR EEZ MG R, I it — B

2 £ X

[1]  Wang H and Zhang L. Optimal Hopfield neural network and
applicationg for multi-user detection[C]. 2009 International
Conference on Communication Software and Networks,
Chengdu, China, Feb. 2009: 567-570.

[2] Ding Z and Li Y. Blind Equalization and Identification[M].
New York: Marcel Dekker 2002, Chapter 5.

[3] Giannakis G B, Hua Y B, and Stoica P, et al. Signal

Mobile
Communications, vol. 1: Trends in Channel Estimation and
Equalization[M]. NJ, USA, Prentice Hall PTR Upper Saddle
River, 2000, Chapter 6.

[4]  Achim E and Werner T G, et al. A survey of multiuser /

Processing ~ Advances in  Wireless  and

multisubchannel detection schemes based on recurrent neural

Wireless ~ Communications and  Mobile
Computing, 2002, 2(3): 269-284.
[6]  Sheikh A T and Sheikh S A. Efficient Variants of Square

Contour algorithm for blind equalization of QAM signals[C].

networks[J].

International ~ Conference on  Electrical, = Computer



320 BT SRR 533 %
Engineering, Hong Kong, China March 23-25, 2009: 200-208. functions[J]. Neurocomputing, 2008, 71(16/17/18):

[6] Quan Q and Kim J. Intercarrier interference suppression for 3595-3601.

OFDM  systems using Hopfield neural network[J]. [10] Zhou W and Zurada J M. A class of discrete time recurrent
International Journal of Computer Science and Network neural networks with multivalued neurons|J].
Security, 2006, 6(6): 157-162. Neurocomputing, 2009, 72(16/17/18): 3782-3788.

[7]  Zurada J M. Neural networks: binary monotonic and [11] NITTA T. Complex-Valued Neural Networks: Utilizing
multiple-valued[C]. Proc. of the 30th IEEE International High-Dimensional Parameters[M]. Hershey PA USA: IGI
Symposium on Multiple-Valued Logic, Portland, Oregon, Global, 2009: 361-365.

May 23-25, 2000: 67-74. [12] Gupta M M, Jin L, and Homma N. Static and Dynamic

8] sk, kY. KEHopfield § k& £ H F QPSKfE 5[], % Neural Networks: From Fundamentals to Advanced
MR, 2008, 38(12): 18-22. Theory[M]. New Jersey: IEEE Press, 2003: 469-577.
Zhang Z Y and Zhang Y. Blind recovery of multiuser QPSK
with a complex Hopfield network[J]. Journal of Southeast ok Y e, 1975 A, AR, WFSTATI N B AS R R R
University, 2008, 38(12): 18-22. (=R STERCS

[9] Liu Y and You Z. Stability analysis for the generalized KL B, 1944 4, #HE%, LA, WIS RGP

Hopfield neural networks with multi-level activation

ANRERST i



