4 32 % R Acta Phys. Sin.

Vol. 60, No.7 (2011)

070504

ZERREFETNEEEY BERATHRAEME"
S T

(ERRREERYLR N REE R TS IS, L 100084)
(2010 4£ 7 4 15 HYE ;2010 45 10 A 8 HikF &)

ARSCHESCHR[ 1 ] A b P AR s (R B 26 1F T SR JESE 5 R AR 2 U B IR M 400 0 TR B9 368 1% 19y T
fi . AR EY R S0 TR/ 2B ERM G AR 2 W77 B th A, o 1 248587 (R TR e
RIR S PEPERIEL A 1 B P A BRER DR ZZ RO RN, 45 A5 SRS AT A0 (EIE [, TR 1 T 2 i (R 1
TR B 55 TR A (4 78 70 2 1 B D7 BCA 2R AR a0 R S8 70 A5 IR B 15 5 Jeie R i i AR 5
MBI AR IE AR AT AR, JF HAA R B 5RS R R RE.

S RIGEL, B, SRR, B R

PACS: 05.45.—a, 05.45. Vx

H R AR M3 2 R G0 AR IR MR 5
EA XRS5 B R 508 SE S A R VRS 5
() AH B TE A8 DA RAS AT 5 i P S5 AR5 a5, 0z i
TR A TR 1 A O A R
0T ORISR R R L K
TRy

AR AR GE Y IE 5% 2 B8 15 IR Ml (5 7E —
B EYHRA R 5 AR L 2SR B TR
TIE AR 5 200 22 4 M B H X6 37 TR —— ] i PR
TR 15 A 58 AN b B g | N B Ry B s AT T
[ R

C A B 57 2% B IR T 448 55 7T LA 3 ok A 25 (a) 4
U AT R AT T A YR 2 R ) R YR ol e s v
DA 3 g A T R SR AT A Tk
XTSI 5 |- 0 5 AT A AL Z T, B Parlitz
490 F Heidari-Bateni 28 A T 1994 4[] i 4t 57
P& TR T BT R EY) , B T RAR
A A BZ LA RS Ak S DU Rl
TR A5 Hh 22 4Pk et ] Hsf A J2 o Y A A 1) 3 £
e

FIEHFCY IR, ACSCER[ 1] 450 T —Fh 2 F 4410

s [H 5 A S A T H (S : SKLDOIM25 ) % I iy LR
7RI R A, E-mail: guojb@ tsinghua. edu. cn

(€2011 FEHIEZES Chinese Physical Society

IR E Y AE R TR O AR T e S
FIR S PEWRTE A 1Y 4 AR SC L T XHRA fn
P S S TR I LY (R S B A .

SRIMT, SEPRAY AR T8 PR 85 328 HE v w8 30 1 1 & 2
192, SCBRAR I8 AR A6 I = 3T S S A7 AE
SHUE S KA ) A2 FETE RN T 22
T AEAE R 1 5 5 A48 W RAE 5 A
PR A5 5 1 8 0, 38 KT 32 UM 5 A 1 Ao e
SCHRL 1] A X 2V 51 PRI Y 55
IR TR 5T

ERME 58 2R R (R S, A
() SCHk 2 B (R TR S T ek (5 T Y . Ak
FETTHHRIT U/ N T (SM-GLMS ) {38 S804k 1
DR Y R R Bk i AT {5 I Y A 0
208 T/ NMEZ TN R 2% (MNPE ) B9{5 B A1
Jrik P E RN (TFC) B [ 38 A7 18 S 5
WL 45 A RN B 125 5 R R AT T, i 2
D7 AR ET AR BB 10 15 18 S 500 8 5 8 24 £ 1Y)
BOR s F3 AN Leung 542 H A1 A2 m) 3 R 8L ( RBF)
PR W28 EAT (58 S B R 5 kP e e TR
Tizh i A i il I 2R e 91 S B il 3l 7 2%
TR HER AR S E AT

T LA VR G 8 4 R ARG E Y5 5 1 ik
fift , WV I 22 42 3 Y5 05 18 1 5 15 M oA 18 2 8Ah

http ://wulixb. iphy. ac. cn

070504-1



4 32 % R Acta Phys. Sin.

Vol. 60, No.7 (2011) 070504

T, X K55 1 E . R WO i 7 i TR T
AT ARAN 5 BT e kL, {5
BME S SR EE 2 8] 1 5 R 2T AERY, A
C R ARTRE B 77 2 05 8 sl folt FH U1 2 P 370 T 2 AN B
SR TR B H Y WA C T 2R kR E
SRR IR B 5 5 T AGE.

AL BN ISR AFIE XA T IR
IR S S PR AU 5 I R T B (5 5 A4 ] B A
P AR T IO T R R 2 IE DR T & 1 21 18
EREN 4 iR ACNE R R R S G L I a1
WAL TEAFIE AT T BT AL07 B R 1 P 4@
A IE R 1

2. R EIARA

TR 18 15 2 DURWEAE Z VR 9 4 1)
IRy B G, B 1 g5 TIRME B @15 RSN
RIS «, B IR ) )2 0 R

= f(n), (1)
RPN «, SEEIFH b, 19 B3R RN TR vl &
sl
s, =x,b,,n =1+ (k-1)N,---kN,

k=12, (2)
Hrp N AT WE T, b, € {-1,1] AFEEMIC.
S RA {3 o

ZRIERFE

K1 RMEEY R RGN B

T LT RER R R0 T, BN B ACFI 0 1
Sy, WTLUHE S BCHAE R TRk s ) B

LH
yn = H(C,,)[S”:l = COSn + Zcis”’i +¢”’ (3)
i=1

HHC, = e, B0 NZIRISHEH, L, Rl
ESHIE. FESEGE 2R R, s, 2ER
559, cg NERGSHSEL, 5, & s, HER i HFZ)
MO1EE URNBERES, o], HHRESN
SR b, HELH ST

B2 g5 10 TR B 55 s L Hd
T N R 127 fess s 8 b, b 1,1, -1, -
1,1,1, =1,1}, B—MM5EMY A 127 48, K 2

14

< 0
-1 ] . I . 1 T 1 . A @)
0 200 400 600 800 1000
n
1
< 0
-1 L i H 1 H . H (b)
0 200 400 600 800 1000
n
1
5 0
-1 ) | H h \ i (C)v
0 200 400 600 800 1000
n
2
1
=0
-1 (d)
- A 1 A | A h I 1
0 200 400 600 800 1000

n

B2 REEYTESRAIE () FEFS b, 5 (b) RIT
x, 5 ()IMEY FH s, ; (1) BFZREHEFIERFI y,

(a) HIEEFH b, 5 (b) MIRMFH «,, H13h 17207
R 45 (a) 5 (b) HIFRAGE] T (o) PHNRM Y FP
s, s (d) WA ZREEEEIG Ty, 1L
B 7 e He W o Wi B Y 0 2 AR R TR AR E IS Y
RMEY 55

3.EARERHE T REEY @EE N
WA AT

H1(3) SR, 2240 v A T R U 5 1
M 32 H g ST IR P (R 1 1 &2 2. ok HLI i 7 i 2242
FERARIE X O @ R R SR PRI & i A Y
BRER R 22 BUSEIE 15 ) 2 AR S v 1R 1 S 00 20l 2
AR SR I LU R A 45 .

3.1. TESFRERKRELS

TERSRIR T B (5 2 o B v, X3 Womse it oy i
&, KGR 3 ) R G A S LA B
HRARIIAY. JOoe R AR 2 R PRI A 10 AR
TEFEMC S 6 1 3 A — AN IR i3 1 RS LS = R
IR SR 7 X R TR T R ST U A
SR SRR Y SR UL A W 2RI SR AL N = K
SR THE S A R TR 22 (PR M BRER 1R 22 ) XS {5

070504- 2



4 32 % R Acta Phys. Sin.

Vol. 60, No.7 (2011) 070504

KR PP 91 (RS A 40 0 e, i 755
= R4

S LSRG 5113 P 910 A 4 il 00K
7 Bt ey AR A 2SR R T

(1)

!

x = g(x) +o,0,

o = sgn(b)a, + ) (4)
b, =b, +v'7.

Zo = b (g(x)) +B) + 9,7, (5)

Hop ol o 30 Rt R R, LVl ARl
LI 75 | 3k L AR R Ay vy B MR 7

(4) ZOMBTF I PRSI 72 R 8 g (L) MEE
WSO i 7 i e AT I 3l g 7 O # B T IR AT
MR fif 550 IR AR 5 19 2 UM B R, B LU
g( ) AEFAES - AL B i HE sl 2% 5 i
SOz, FRRWIIME MR HETR G B (5 5 i b 3
N, PR sgn(+) "R A

1, b>0,

sen(b) = {—1, b <0. (6)

(5) A {E B P s BpRAE 2 [0) J7 #2,  T15 B AH
YIRS 5 218 AR5 5, I, 7R AR J A9 B |) Y
b, = b, BIREREMREEERIHNT, B RMAMTE
LI EER TN/

FRAE ST PR A ZS | 5 A (4) AN (5) L T
P ioas o NN R EAL R RS SUN S S Ech (1l

1) n =1, RJ(4)XM(S) X AFHPIRSAEE «) Al
b, AT EWIE;

2)LA(4) RS RE, HEET RR =20
BT EAS RIS &,

3)LAGS) KRS TR, T T RR =208
WL THE R D,

MYWR 0 ADNFESHIKE M =n+1, 2)
FHRPER. Wk n D43 TE S 4R, W5 R,
3.2 ZRREGFETREEYV ESHTHMENE

S

KFX 2R EERW T IRIEEY FS
(A TR A P, AR S M T s L

EE X T 2RV E LW T 0y IR %
PGS WX F— 02 n, (518 SHER L
ool > >kl |, AXTAER n, ¢ IEHPEGFF
A NTCIS AR 18 2 B A8 i 2 R B AR (5 38, &R 1T DL
FTESE TR R 2 g P IR B A IR B (5 5 it

Frmdef. o s 1 (22) SUgR Y, o —1> Hh 5 454 3
P WSCRBE fork it T 2 14 Y G RS e ) 8, LIS
/NT L.

IER TEZ R EIE N ERWRIE S v, W
(3) PR, RRZE A BT (5) AR LR B E AT
Z B iR ZE N

Chi1 =V T Zpa

=cob,  f(x,) _5n+1(g(xn> +B)

Ln
+2 eb f(5,) + b -l (1)
L BRERIRZEN e, , R (7) AT LIFR 5]

Ly
e =+ D e (2, (8)
s .
¢ = B = B e (9)
W5 B (R
b b)) el
T g(x) +B

Ln

qumﬂnﬁ
YT G B (10)

H1 (8) 2T A, BRER IR 2243 MR 4. 55— 4y
el HIOTRRN(9) 2, 33X —FB 315 25 1 e W g e
R AR 225, 5 IR A B AR AS A
M7, Hoor A 6 F 0 XK, Al TH(10) i b, 19
BUET IR, & . 5 — e, AmX4. Bk, &b,
= 1 Bt R Bxlm , by =-1 SRR W)
by, AT EN S B A

Bl =c f(xn) + e”l’l‘f—l
U g(a) +B
L
- fx,) + e
+ cibn+ i 7N o (11)
Zl T g(x)) +B
B_l - —c f(x") +e”r,1+l
i " g(x) +B
L
- S(x, ) + el
+ cib/H —i %s (12)
Zl og(x) +B
Horp
Lll
e,r;+l = e”l’1+1 Zcibn+l—i’ (13)

ey 5 ALRIRE 1022 51 M A A A

n f(x,) + e,

bd FEARY I [d,,d,]. IW(11)zFn(12)
KATDAEW, R EA ZREEEENZN, B

070504- 3



4 32 % R Acta Phys. Sin.

Vol. 60, No.7 (2011) 070504

BT i =1, L, ,c. =0, Wtttz 6, BE
WL b, BEBGERISCT b = 0 BhxIFx, 70508
by e ld,d], b, e[ -d,, —d, ], BIHK[1]H
ELUEM, i TIREREAEH N T B AUIMALER 4,
~ g, BB RNB, BB R e A E A UL
A AR (B8 4 9 L A7 15 S A A

BRER DR 22 W 5 AR iR 25 e h A VR 518
f(x,) +e'

SR AR I e T . eld ,d,] H
g(x,) +p
dy #—d,, H(11) 2 (12) 20, a] LT3
. & f(x,) + e,
o= la s bl oGy g ()
4 & flx,) + e,
by = (—CU + ;cibnﬂ_i)m. (15)

CHTEERGERI R b, € [r,r .00 e [rhn' ],
M(14) KA (15) AT LAE 7658 3R iR 255
T, by, Mb, PEBVE RS LA R F AL, T3
by, PEIE R ARMEA FTRER T b, HIHUE T H
BKAA, IR 3 (a) fis, A ATRE/NT b)), MIBUE
B AR, AN 3 (b) s, AR A [ g i) )
n, B3 (a) F(b) BTEBLER I, W FE A R 45 2R rh 25
RS, FHEAEHIE ¢, > 0, 7Ed, > - d, HITH
BUR, FE03 24T LIRAIE B!, AU 75 BBl B R K
T b, B B A AL A I S B A .

(a) (®)

B3 fHEESEE  (a) b, RKRMEAT b, BKAH;
(b) by, BKMENT b}, FkfH

BARRDAME ¢l > D" kil HHk=
1, CIRYECE ¢y + Zfilcibn+l—i >0, JFH - ¢y +

> eb s < 0, FURARSE (14) RAI(1S) RATL
20 b, Fb, B A AR 0 R

r}1L = (¢ + Zcibnﬂ-i)dz, (16)
i=1
L"
rh_l = (_Co + Zcibnﬂ—i)dl' (17)
i=1
Hor > ATLISE)
dz _dl &
Co > d, +d, ;Cibzwl—[' (18)
Fhﬂ:anrlfi € ; - 1’1€ ’ ECO > 0, D—I\Ijﬁn%
d, —d, &
|cO|>d2+d1;|ci| (19)
L, I (18) A AT

HFHEd, >-d WHEILT d, >0, FIE9)

\ d, -d
Ao 4, <o, UllJﬁ > 1R 4, =0,

2 + 1

% < 1, (HEHFAEN (16) A (17) Rk
TER D ¢l > 3 Ve |, BUCAT ARSI 545 A 0
|cO|>Ki|c,.|, (20)
Hr }
d, +1 d; |
T v d, (21)

MO KXFTUEL, M d, =08, k =1, 114
d, <O, k> 1.

AL TR ME L PR S R - d, > d,,
W —d, —@E KT 0, d, IFEAMEARHE, W [FHE
O3 AT RAIE b)) B BUEE B RAE KT b, BUE
0 B B KA, PR 25 5 PR D49 31k hy

| d, |+l d, |
T, v d

DI ERIHESFARR LT ¢, > 0 AUMBOR, 3505 I ¢,
< 0 Wl ISR B85, HJ& b, MIME ko 70 B
SRR N b, = - 1, b, BY(EIR S0 Ai B Xt g
BIAETER b, = 1. WERXTFALERIZ] n, ¢, 15N
i, I8 200 fife A5 2 1) 45 B 5 R s B 58 e 4 =,
XA JE T T B g, DR R R T B AR AR s R
5 RCFHI )8, 7R 15 B e 3 — oo A, R 2R
25 gt )5 =8, BIPERS i 5 — oS il 46 % 1F £
PTG, R IER AR AR LA 5. H I, X FAE
BRTZ 0, WS e, BYIE PR FEAN AR, DU A 45 21
BT 515 S5 91 56 4 A0 TR 258 2 A0 I, X REFAR

(22)

070504- 4



4 32 % R Acta Phys. Sin.

Vol. 60, No.7 (2011) 070504

AT RUHE BB HEAT R . AR ¢, B9 IE S
KT AR, AR 15 BT S L 0 5
FUAHIR], 887073 55 P S AR B, DA X £ A T
P B HEA T PR 4 1o A 27 A TR

HERE.

TESEBR IR, A8 R ARAFAE B 00 B #R n] AE
R IX TR 25, FEANSCHR 34 ] Hh S2 3045 3 4 K
N EARARIE, SCRR[35 ] A o 3l i R 58 AR IX 35 B
ST 1 T A {7 T A Y A DR I 3 A S B Y B
HASPRE L

4. 1 B R B A

FXHIRE B {5 5 38 2o B A AR {5 18 R AR
I3 BRI FIR AR AR T B E S T
R FE I3 A e B, [R) N 25 B 218 PR 08 T ok
TR ZUE PR TS B R T Y 5 R
TERE.

TN SRR X PR logistic BREHE
RSN Sy I R AR S s e T R R

x,,, =f(x,) =1 =24 (23)
FEMOAE 3 tent TRIEIAGS RGLHAT M, tent TR
W 3 g2 5 R N
2, =g(x) =0.5-1.991 x' 1. (24)
WP WHEF N = 127, IREREE&HHET B =
0.9. fHETFFEFIMEMIL(SNR) A ERFS S
e TR A DR L N SRR S .

4.1. HALEZREREFE TRIHME

PRI RS SRR (1 (ST SRk
C=1[1,0.4,0.3], (25)
ISR 10dB AR5 R B (5 2
(ST B RLE SANE 4 R AT LR IS B A
SRR TSR, 1 < k < (ﬁ ~ 1.4,

& 5 S XF = Fh A 2 s WHE 2 FAH R (H 2 B

A ATRME T8 B B0 A5 T8 78 AS TR 45 M LG R B iR A %
(BER) AT B, =R 5 25000 N

c, =[1,0.4,0.3],

C, =[1,0.4,0.2, -0.17,

¢, =[1,0.35,-0.2,0.1,0.1].  (26)
AL R TR R I 5542 S 84 A 2 R
0.7, HILiRAGR LA, 7E5 1 LR 8dB BT

---EEFI ——WER

TINE

2.5

-2.5 I s 1 s 1 s 1 L 1 1 1 L 1 L

H4 Z%ChC = [1,0.4,0.3] {5E T BEARSS

LT BERE] 107 LUF fuRhs A By DUAS R 6538 B
KO0 R AR AT L.

BER

SNR /dB

&5 Z=FhS5 S o 2 AR TR EA5 T8 B O [ /9 5B e
ENEIEL SNSRI

Pl 6 S Ui 554 2 5 2 W (B FIAN [R) ) A T
TEANRN(E I LR AT 07 BB A5 R il 4, DUk {5 18
SR 5

¢, =[1,0.4,0],

C, = [1,0.4,0.3],

C, =[1,0,4,0.6],

C, =[1,0.4,0.9], (27)

Hv ¢, Ml ¢, 5584 HE 2 RN T 125
AP, A RSN R 7 dB 18 dB B T iR

070504- 5



4 32 % R Acta Phys. Sin.

Vol. 60, No.7 (2011)

070504

RIRFN 107 LI FIESH C, EEZ RS HY%
X} Z FNE BARAHAE (AN e A1) FEAR M L
KT 7dB WIHOLT RIS RIEARFEFE 1% 4. 1
HIESHCR ¢, MFBE R RS AR EZ R 1.3
> 1 (ZEANW R TR, HiR R IEARE
50% FeAi, X )@ T P R B RS .

NTANT/NTN K K OR

——C=[1,0,4,0]

—0—C=[1,0.4,0.3]
—&— C=[1,0.4,0.6]
—¥K—C=[1,0.4,0.9]

SNR/dB

Bl 6 PURhZ51R 250 SHE 2 IR W] 594538 76 WS e LT Y
PREES ST

A3 & R R %58 TR
fRIEZEN ER X R B0 A

C = [1 0. 451n(640) - 0. 3005(640)] (28)

S8 e, e, WAL N 7 Frs K 8 MiEiES
Bk (28) UIHOL T BB A 25 5, W] LU L B i 285 2R
S9bRrE T2

P19 & =i I BOA [ B 5 FE A [R5 16 1
TRy ML, =R EE R EESEO

C, =AA=1[1,04,-0.3,0,0]A,

C, = AA = [1,0.35,0.24, —0.22,0]A,

C, = AA = [1,0.35,0.24, —0.12,0.1]4, (29)
Hop

A —dlag{l Sm(;LO) 005(61:1_’8)’

sin(%) ,cos(%) } . (30)

=R E ARG L R SAB B LR RS R

RF 107 IR, HIL R B0 R ER T, L08R
[vi) 5 T8 i B0 3 174 £ 50 T A .

10 20T PUF 5545 2 B 28 X HE Z T[] 1915

0.4

A

0 20 40 60 80 100

0.3
0.2
0.1F

T
———

0.0

—0.1H

-0.2

L

-0.3

o

100

M7 MAEFESEERE (2 RS =
0. 4sin(mn/640) ; (b) fFHB%L ¢, = - 0. 3cos(mn/640)

4

— WBER

--- FRFF
3F

Z}Mﬂ

144 F L

0 1000 2000 3000
n
K8 SN BRI T AR R

TETEAN [R5 158 LT Bt B DR A 30T L il 46, DU A
BSE N

C, =AA, =[1,0.4,0]4,,

C, =A,A, =[1,0.4, -0.3]4,,

C, =A,A, =[1,0.4, -0.6]4,,

C, = AA, =[1,0.8, -0.9]4,, (31)
Horp

A, = dlag{l sm(g:lo) cos(g:l—’a) } (32)

070504- 6



4 32 % R Acta Phys. Sin.

Vol. 60, No.7 (2011)

070504

BER

9

—m— 4=[1,0. 4,-0. 3]
—@— 4=[1,0. 35,0. 24,-0. 22]
—&— 4=[1,0. 35,0. 24,-0. 12,0. 1]

SNR /dB

SRS S X (B 2 R RE A A ) T A 3 B 5O R 9 £

bR N AN P B

BER

—m— A=[1,0.4,0]
—&— A4=[1,0.4,-0.3] -
- —h— 4=[1,0.4,-0.6] -
T —9—4=[1,0.9,-0.8]

SNR /dB

P10 U542 S50 3B Z R 45 B AEAS TR (5 e LE R /Y
BN L

AL BT =005 38 17 DL AR T 2 T8 o A,
Ay WIHEREME K 4 dB,5 dB F17 dB IEWL T, iRA% %R
IKFN 107 LUR. S5 DUFME 18 58— B 220 55452 2 B 4 %o
EZFE 5370, A 20% 7E [0,1] JuFEN, A 40% £
[1,1.05] BN, A 40% £ [1.15,1.2], HiRS
FAIE10 dB DUFEEA FERETE 10% 215,

DL (i B SR Ui B IR B (5 5 T i
PRI R I AN A T8, A T W AL E B P Y SR A
ANE G BB RGBT (5 5 78 0T DU i
i, HICURAD MR RE AR B, o) e TR SEPREk. fEAR
T R B SR R BT A5 B RS A THE I Y
S E A RRER BB K AR RO AR, X
53 W T A A

5.4 %

FRTBA 22 H B TH bR 248 3 9% (5l X HRE B
YA TR B 45 07 75, BB B A 7 k.
ARSCEET I T RR 2 IR PR TG X 2105k
FIE N BRI B AT B AT R BT T B
FERG LT AR T 2 v R 7 B R A 5
oy B, B 2 E IE S H0h F RS E 4 H
KT 5 RIS EZ M A58, O H 348
SR IESAECR R A AL WRE B (5 5 Tt 2l
ek P A 2 R S N A 3, 6 T Ll Iy .
D7 LA RYE 1 BT $ 1 1 5870 26 15 2 PR A IE 5
ELIDRCERT NGRS =2 Il N 5ok o NN R
PR AU A B IR B R T B R AR iR Y
PERE.

Hu J F, Guo J B 2008 Acta Phys. Sin. 57 1477 (in Chinese)
[ W1 HEU SREHIE 2008 WIFI2AAR 57 1477 )

Wang Y C, Zhao Q C, Wang A B 2008 Chin. Phys. B 17 2373
Mou J, Tao C, Du G H 2003 Chin. Phys. 12 381

Li N, Li ] F2008 Acta Phys. Sin. 57 6093 (in Chinese) [ 2%
£ ZAEHEIY 2008 PR 57 6093 ]

Sun L, Jiang D P 2006 Acta Phys. Sin. 55 3283 (in Chinese)
[Ph Bk ZEMEF 2006 HyEEF4R 55 3283 ]

Cuomo K M, Oppenheim A V, Strogatz S H 1993 IEEE Trans.
Circuits Syst. 11 40 626

Li J F, Li N2002 Chin. Phys. 11 1124

Dedieu H, Ckennedy M P, Hasler M 1993 [EEE Trans. Circuits
Syst. 1140 634

[9] Zhang]J S, Xiao X C, 2001 Acta Phys. Sin. 50 2121 (in
Chinese) [ BRZEM 1 SEI 2001 3174 50 2121]

Wang M J, Wang X Y, 2009 Acta Phys. Sin. 58 1467 (in
Chinese) [ EHI%: T %IG 2009 B4} 58 1467 ]

Zhou W J, Yu S M, 2009 Acta Phys. Sin. 58 113 (in Chinese)
[JRIEAS B B 2000 WBE244R 58 113

Yan S L 2005 Acta Phys. Sin. 54 2000 (in Chinese) [ B A% R
2005 PyHE2EH 54 2000 ]

Hu M F, Xu Z Y 2007 Chin. Phys. 16 3231

LiCY, Li X H, Deng F G, Zhou H Y 2008 Chin. Phys. B 17
2352

Wang F P, Wang Z J, Guo J B 2002 Acta Phys. Sin. 51 474 (in
Chinese) [ VI EBEHE FRHFHI 2002 PIHEAAR 51 474 ]
Yang T, Yang L B, Yang C M 1998 Phys. Lett. A 247 105

[10]

[11]

[12]

[13]
[14]

[15]

[16]

070504-7



4 I %  Acta Phys. Sin.  Vol. 60, No.7 (2011) 070504

[17] Alvarez G, Montoya F, Romera M, Pastor G 2004 Chaos, [26] Hwang Y, Papadopoulos H C 2004 [EEE Trans. Signal

Solitons and Fractal 21 783 Processing 52 2637
[18] Yang T, Yang B L, Yang C M 1998 IEEE Trans. Circuits Syst. [27] Zhang J S 2006 Chin. Phys. Lett. 23 3187

145 1062 [28] Zhu Z W, Leung H 2001 IEEE Trans. Circuits Syst. 1 48 979
[19] Parlitz U, Lakshmanan S 1994 Phys Lett. A 188 146 [29] Zhu Z W, Leung H 2002 IEEE Trans. Circuits Syst. 1 49 170
[20] Heidari-Bateni G, McGillem C D 1994 [EEE Trans. [30] Vural C, Cetinel G 2010 Digital Signal Processing 20 201

Communications 42 1524 [31] Xie N, Leung H 2005 IEEE Trans. Neural Networks 16 709
[21] Zhou P 2007 Chin. Phys. 16 1263 [32] Fang Y, Chow T W S 1999 IEEE Trans. Neural Networks 10 918
[22] Xiao Y Z, Xu W 2007 Chin. Phys. 16 1597 [33] Kandepu R, Foss B, Imsland L 2008 J. Process Control 18 753
[23] LiZ, Han C Z 2002 Chin. Phys. 11 666 [34] King P, Venkatesan R, Li C 2008 Proc IEEE Globecom 2008
[24] Li G H, Zhou S P, Xu D M 2004 Chin. Phys. 13 168 Nov 30- Dec 4, 2008 pl
[25] Tsatsanis M K, Proakis G B 1997 IEEE Trans. Signal Processing [35] Amitay N 1992 [EEE Trans. Vehicular Technology 41 337

45 1241

Breakability of chaotic direct sequence spreading spectrum
secure system under multi-path fading channel”

Bai Lu Guo Jing-Bo'
(State Key Lab, Department of Electrical Engineering , Tsinghua University , Beijing
(Received 15 July 2010 ; revised manuscript received 8 October 2010)

100084 , China)

Abstract

Blind demodulation ( breaking) of chaotic direct sequence spread spectrum ( CD3S) signals is a challenging and
leading issue under multipath fading channel in the field of chaotic communication. Until now, there are neither
equalization methods to remove the impact of the channel, nor the immediate breaking methods. Based on the existing
study, the breakability of CD3S signals is analyzed under multipath fading channel by using unscented Kalman filter
(UKF) chaotic fitting in this paper. Beginning with the state space equation for the CD3S signals in UKF chaotic fitting,
the channel influence on the tracking error is analyzed in the process of UKF chaotic fitting, then the range of the message
state estimation is derived, and finally a sufficient condition theorem is proposed for the CD3S signals to be broken.

Simulation results show that CD3S signals can be broken successfully under the proposed condition with excellent

performance of bit error rate (BER) , no matter whether the channel characteristic is either time-invariant or time-variant.

Keywords: chaotic direct sequence spread spectrum secure communication, breaking, multi-path fading channel,
unscented Kalman filter
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