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Abstract A new chaotic spread spectrum communication system FFH-FMDCSK is presented, which is based on
FMDCSK and fast frequency hopping techniques. FFH-FMDCSK is able to improve the performance of FMDCSK on
anti-jam, multiple access, and resistance to multipath fading as well as low interference to other systems. This paper
compares the BER performance of FFH-FMDCSK with that of FMDCSK in multi-path channel, and delivers the
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theoretical analysis and Monte-Carlo simulation results.

Key words Communication system, FMDCSK, Fast frequency hopping, Flat fading channel

1 38

YR E )% R Hl(Chaos Shift Keying, CSK)J2& 90 EAIT A
(TR OB S B 7 T g — ANy ). (RIS, e
KFHELL . FEar (AR BRI 5, FTH T A 40 s
AR B A, BRI R A5 S AT
) P TR sl A B R AN T AR e 22 A 3 e L, 38 ] DA BAAIG
RAHE S D22 5, Wiig B Sefb R g4l 7e
LA (R VR kA o 7 v, 22 43 YR A 1A 1 (Frequency
Modulated Differential Chaos Shift Keying, FMDCSK)? /& —
Pk ey, HA—@ Sty sy 2. Hh TA
i TS B LR 0% B AR Sk A Oy B AL B Y B, BT LA T
FMDCSK I 9 8 (5 R G0 H A S o AR R
R

K17, FMDCSKAEH AR e A7 74 AN ) e 55—
AN o R B T TR A A A T (R AR I, S AR e A
Sy FH i AR, i LFMDCSKAR 2% 145 B BT A el i o
AT . 55 A ) U FMDCSK H 453 FI 225540,
HATIE AT BIE M 2 e N7 Z500 T R gax A~ G )
N TR, FRAT14E & FMDCSKARI AT (FFH)IX #5 A  1 1

2004-11-22 W&, 2005 4F-05-15 i[m]
%K HRRH- R 42(60076015), #i a4 HARRHF 34 (A0010019)FlIfR
A TR AT H P g

AR, T ETFFMDCSKARBRY W5 R 4. —H
T, KHFFHY WA, LS BhAR (1 ) N T4 250808 Lo
FE K T, A FMDCSK [ VR T 8038 7 — AN 9 A7 P9 Bl ALk
A, PWCE BT A SRR 51 A A B e TR
FMDCSKA{% 5. 45— 51, FFHATLA/E JFMDCSK £ 1%
AT %, B P BRABEALES 40, LA P A R —
I [ P A AT P 25 R SRR TR B, SR 2 A I )
RN, B 1A A R R,

IeAh, WIS T FFH-FMDCSK B EIRE, 2411
JBRARU SR 1] B K TR AR DG SE i) FFHL R0 A 4%
o34, B RS S FMDCSK {5 578 L MDY E
RIAL, IX L AL GER G 543 R RN BN AR B R K )
MR IR, IITIHE S T REDLZ AR BT o IR,
FMDCSK 15 5 2 IR %% & L i 5845 5, 2T FMDCSK
HIBRATE B A AT LUK B AL RS T4, XRHET
ZEal7 FSK I 1Bk 2 Gt i AS B 1A

T AR FFH-FMDCSK 7£ 2 12 (518 F f Tk AE iR
B, KLEEAE T4 FFH-FMDCSK R4 (KA TAF
JEBE,  SRJETEYS 3 TS FFH-FMDCSK H1 FMDCSK 7EF
VR IE R IR R IERE, HBEEH 4 b, BAINH
FFH-FMDCSK #5350 ICH R G005 BRI dE e 5 i,
%} FFH-FMDCSK Fl FMDCSK Z 42538 [#47 FL45 L AT 43
MIFIELER, JFah i & 41t



6

2 FFH-FMDCSK A% T1ERIE

FMDCSK i il 35 A S 5 - 22 40 TR il 4% (DCSK) R Al 5
WA, EORRAE SRR B R mA, FHa
BRI HIE 51 A8, I HDCSKIA il H AN 5L
P BRI BNZ IR b BT A S it % 1) i R R
FfEE MY, EFMDCSK A RS S I A AE 2, M
] LIRS S5 I DCSK M fg

FMDCSKA5 5 /& AN 418 55— A S %R
WM, B MBI R B, B RRE A
X(1),X(t=T/2) « ENEMDCSK ¥ & 555 K

X(1), t<t<t +T/2 e
S (t) = it
' {xa—T/a, L +T/2<t<T et
(D
x(t), t St<t +T/2 .
S, (1) = 0
2 {mﬁ—T/D,Q+T/2£t<T feti

TERE, ST IX ARG S AT A OCIE S, IERIARR
BRAAEGR 1, SRR S 0.
FMDCSK £2I5UHH Se28 I fir i & Zi ok

Z,= [ IX(®+nOExW) +n(t-T /2)]dt

=+[1 mdt=[ xndt
2 2

T T
+Luﬂ0muﬁ/mm+Lummm—Tumt 2)

KT, n®FINt - T/2)5 3378 S H IRl 8l A
YIRS 2 BT 5 LN IR b v e 7, 38— RN IO
e TR s . TS = PImEERME
90 [BEHLAS &, BLL Z 2 — AR AR, Of BRI
ESHUEME LTS, TR FMDCSK iR ) v B 4 6 1) BRAR AT
PLEL ‘07

FEBFH)E A RGed, T8 A] 0915 18 95 2 B AR
K AH AR 1 4726 B BR (TR PR AR o TEAT— A5 5 AT IR P
RIEET I —AN a2 A T AR . MRYE FH SR AL
FFT B2 MMOER, FH ] 4 A P iR 18 g gk A .
MAFAFES RS A S22 kAT, R DB AT(FFH), K2
M2 BUSI(SFH) .«

FFH-FMDCSK FIRSHEE WA 1 Pros. AR5 R
WAE S BRI 22 RS fEE IR, B
R RG WIRBMCRGE (58 IER AR 28 S TR AR A
H A

FMDCSK J& T 8.9 1% R S If) R 1 5 25 PR (TR
8, BIVEE S S it ) ) S S 2 2% e R R sl e » 0 it
TH IR BB A SRAT R MR R LA B S . BUR
ANFERG . Bellom B R, RS 2% Bk R
I (8 A 2 ) B AR A AR RS — B, BRI A 12 T A I A
B, SR tF 32 i R R 0 3 40 SR A [ (4 A0 P e
It BB R AR RIS 28 AR B — B0 ANl T, W,
BT Ty /2 BB 23R A RO T, /2 (0 i 2 e 38 435K FH AR 7]

AR 242518 F FFH-FMDCSK R Zt 01 fig Wt 1107
Chaos M = DCSK Channel —*|Freq.hop ]
generator mod. filter system

Data J—» Hopping
source sequence
Synchronization 7.~
Hopping
sequence
: DCSK Channel Freq.hop j
R demod. filter la—o{ System

1 FFH-FMDCSK Z4HER
Fig. 1 FFH-FMDCSK system diagram

BRI RE, FATTAT AR L=2 gDk =0, Jeph L&
AN SR I R EAh, O T ORIESIR BRI RCR
GRS PR S A SRV R R PSR

3 RGBS

TR 5 AN T AR R A B, AR
(ERcp T Vsl e i A N G =B i i GeE B3
WGl . XFME AR IE R T, (H— B S5 %A
BRI, IAf5 5 HA A 252 2132 % . FIF FFH 55
ROPAARTT AEARF MR LRSS, X 5
RAHE ST 24 Em2 2WIN, Nnkm T ESnE
RREVRIGE

h T B FMDCSK MFFH-FMDCSK 1 B, FeAT1 56 HE S
FMDCSKAE V- HUB 3575 (5 18 (1) 2245 % . AT 1 2 AFMDCSKAE
AWGNTEIE P s 4o

Ep i .
1 5n % (Ep/(2Ny)) BSM 1 (j+BT -1
Focs =gere T R 201 g ) @

A, TR IR, 2B A5 B a5 58, Ey/ N,
RAEME L. RS BRI (1), H
) e AR 5
h(t) = ae” s (1) + 2(t) )
Ko @ JEAERRIAMG, ¢ FoREEGINBHIERL, 20 1%
FE I AR HAERG), W F AN EEER e,
A 5 H AT
BT -1 i BT -1 i _
PO =Zre ™ ZO@ JZ;J[“JB_TI 1) )
Kt 7, = @PEy J(2Ng) o Ay T 1350 @ BEHUE AL (50, A
A 7y MR B R KR TSy,
P =[P4 P()d7 ©)
Hodr PO A @ S BEHLAS REIT 7, FORER 55 5 0 5
Pk @ SRR, W R BATA B 2 5
Tio BBk, 7ot 22 4000, 28 S E 0,

1
DO@)=7,eXp(—yh], 720 (7

b

S L (2 1, ey . 5 — b 2 )
A 7 PRI, X T =5 ~B@), E(a?) 2
0

o KPP I KGN (6), 772] FMDCSK



1108 TR

L 528 4

EZfEIE RIS E N

* BT -1 1
PeiFMDCSK :J CXP( 7b)z (}/b) Xbixexp[—yb]dﬂ/b
0 7 7

1 1 8BS 1b 1
I+—||d
2BT - Zo: I'Jo () exp[ Vb[ %JJ Vb

1 BT-1 b (}/b
= 8
2BT ; (1 + 7[] I+1 ( )

811 (j+BT -1
s = 2, z'( j-i ] :

ﬁé%, PAHES FFH-FMDCSK 75 730 18 5 Y5 {5 18 (11
% . FFH-FMDCSK 15K FH S 2 40 i 2R () A el 15t
Ths AT LR RS RERETE L A4 AWGN 5
PRI B SR TERER G, EE BT e 1 n
o EBWCTI NI M S = K, Bt FFH-FMDCSK. 7t
AWGN 53l FAEMPERES B = Bx L ) FMDCSK 1 fgHd
ste b 0B & FFH-FMDCSK 4M4E b4 1 il 58

BT STR [H] IS“M%jU:JHELH%HJFm%ET

AT LLIACH FFH-FMDCSK {55 7F L 45f5 18 L3 35 2 A .40
VST, B R E B (SNR) L 7, A
_E - o
Yo = 2N,L kz:,ak )

2 7. AEENFIS SNR, FHEREX A5 E AR, HP

__E,

Ve = N, LE( ) (10)
MO ATLLE H 7 2 BAT 2L AN H B ° S A b AR

DRl (R4 3 T R  P(r)

p(r) = ﬁyb p(—”] (11)

FREFRADICARK(6), 135 FFH-FMDCSK 1715183
TAEE FIiRI R

b (S 1(7{))
P Fr_pvpesk = Q6T exp( ) Z

"exp| —22 |d
- 1)' e p[ n] &

1 (S le‘ ¢ )i+L—1
b

ZZBT(L 1)']7(:'_ IZ(; ||
'eXP[—Vb[lJFIDd}’b
7
- 1 S bi(?"’ Lil)_!(fc)' (12)
2°T(L-r i i+
KX B=BxL.
{T_ﬂ% 5 IJEP, /un%éffﬁ,\/u%%[]ul:ﬂ/]l%ﬁ%i Ikl

FA T4 FMDCSK F1 FFH-FMDCSK [#) 2 42 1k 6 E 47 L 43

Bro NSS4 R ST H S5 AR IE AR Y
4 RFHEEE

i ' FFH-FMDCSK % 4 [ ¥4 fi /1\‘11?%?%%5')?%2?&”%%
R, BT AT AR FH L A5 25 RS 70 sfe AR AN s L),
DA s B HEE, IR AL I % . £ FMDCSK
WIS x() IR 1, WSS TTHERS 1) F5
KRR

X(t) = Re[X(t)exp( ja,1)] (13)
o o, & RIIEANEE, Re{ } RARIEIGTIRAE. X(t) AT LA
HE— 20 il g SR ¥ 2
X(t) = x;(t) + jxo (V)

=cos(27chj;u(r)dr)+jsin(zzchj;u(r)dz) (14)

AT X, (8) il X (t) 23R AR S R(t) FUSEERERS, K 2
W%, u(@) REMARIRLES . HRAHRARA3),
BRI S x(t) R
X(t) = X (t) cos(@,t) — Xo (1) sin(e;t) (15)

FA, BlmBER B NES 548 r)=r@
-cos(at) — o (D)sin(egt) o« T R () Ay (t) LR Iz iz
1B TR, Pk el LA AT A — A0 R W P 2
TEE ), T 0] BLHE H FMDCSK A % a1k 1 4t 1 W % i
Z(t) W FH,

T/2
Z(t)zj0 ryrt=T/2)dt
T/2 2
= jo (O (t—T/2)cos? (e t)dt
- jom (D1 (t =T /2)cos(@) sin(e,t)dt
- J-OT/Z lo(On (=T /2)sin(at) cos(at)dt
T/2 .2
+ jo (DI (t =T /2)sin’ (e t)dt

1T/2 1.1/2
=5I0 r|(t)r|(t—T/2)dt+5j0 (DI (t=T /2)dt (16)

HRAE LA B RE 1 AER], FRATHT BAFE Simulink PR5E
RS 2 s FFH-FMDCSK 2530l i A . A
FMDCSK #3857 A A i (141G YR v A% R A 540 1k
SEFRT R PN U T, 2 &P~ DCSK il 2% (DCSK
modulator) A HIEHE f5, F41E B FMDCSK & 445 5 &5
TE DRI AR5 N BIECE R S . B RG02 M
HE] FSK ARIMATHAG i, ML 4 N AR BEA 7 51 B (I X 8]
N[0, M-1DAERA R R BB AE 5, FFF FMDCSK Gl
S TR o FRI T B S R A A A S
Z A I YEis S B He Ay B 5, 43 %) FMDCSK fIGHA5

o ZAFIBIENE, MR (16)I FMDCSK fIGHAE 54 ik 5
Mﬁur’%#ﬂﬂﬁﬁ\iéﬂfmm MGIEIR . AR, SIS
AR, A R S B



%5 6 Y] AR S 2424538 K FFH-FMDCSK. R ZE 11 1ERE > 1109
o |Re(w) P carrier
Outl [m(u) Output —L
data
Chaotic carrier Re_ FDATool
genorator DCSK modutator . » > }W
I N Modulator Out |
1 carrier Digital hop seq
Output filter designl Frequency hopping :EMultipath!
Bernoulli P data FM demodulator1 rayleigh fading
Binary
_DCSK modulatorl hop_seq.signals.values l
(=
AWGN
[E— MWWz
Error rate I & Input Re©) | , —— . N o gnal
calculatlonRx Output Im(w) | L demodulzﬁtgg seq b
= m” Inputl 1—'
- ITor T2 Digital Fre hoppi
Display1 ; . ! quency hopping
Py calculation FM-DCSK demodulator filter design2 FM demodulator
2 FFH-FMDCSK % Simulink %4 3 {i38 4/j LAY 5
Fig. 2 FFH-FMDCSK low-pass Simulink model
# 1 PCSITC HFMDAEEAFE
Tab.1 Channel profiles recommended for the indoor office area by PCS JTC
1 2 3 4 5 6 7 8

o LB (ns) 0 50 100
fHidA ——

% (dB) 0 -3.6 -7.2
. JLIE (ns) 0 50 150 325 550 700
HEB ——

% (dB) 0 -1.6 -4.7 —10.1 -17.1 -21.7
s FEIR (ns) 0 100 150 500 550 1125 1650 2375
R C ——

F#%(dB) 0 -0.9 -1.4 -2.6 -5 -1.2 -10 -21.7

5 RBGESERS N %

HPCS JTCHIIp 2 HE A 2 AR ERRORNR AT 07
KRG, fFEEBA R % 1 R,

FATAT LUE R A5 TE A2 7 RRSEIR (RMS . Delay) K A v LA
b3 AR B A5 TR o, AR AN

o, =7 - (@)’ (17)
E TZ(ZP(Tk)Tkj/(ZP(Tk)j , Tz:(zp(fk)ﬂf]
K K X

/ﬁxmﬂﬂ,q%%ﬁﬁﬁﬁ,mﬂ%%ﬁwmﬁﬁﬁ
k

o EIE R R B, M HMRILIR o, Z MIFERICR A
B, ~1/50, (18)

WHMERINE 2. WiER 2, BAITLLEI FFH-
FMDCSK &R 1S4 .

T, FATk L4 FMDCSK #i FFH-FMDCSK 7 AWGN
MZAREE NI Ebr. M @)a %1, FMDCSK il
BRI 2 52 B A ) T R T IR A% 75 58 2B 2R,
BT 3G g RGctE Re e 2= . i HL, 3 5 (A
iy SE A AR TE AR T-15 58, 18 AR 5 AR (1 S 8 1k PRk
o AR, BRAE BT X REESPSMIERM, MnitiEs
BB RINAR 5 I D Al i BRI JLA R 4. Rty
A B8 L BT FMDCSK F1 FFH-FMDCSK fij 5 143 5

% 2 PCSITC M AERS EFEEEA M FRTERAEREE
Tab.1 RMS delay and coherence bandwidth of three channel profiles

7R AEIR (us) AHRA5 96 (MHz)
{518 A 0.035 5.75
{518 B 0.098 2.04
{518 C 0.45 0.442

34 AT ETEFEIE N, AF BT {H# FMDCSK
RS AT R R Mg 5. BR AL AL 3
AR 22 RS B . BT=2,4,8 I FI RS A7 BL4E 5L, 1)
B EE WT - B0 J T=5 us , RF {5 1875 58 B=0.4,0.8,
1.60 XTI 2 MFIEAHDCH BE A, FRATATLOEHIR 1 h S
T8 A BB SREAT U E . B T E B BT 4 1, FMDCSK
TP A TE T RIS, AT RIAHZE K4 1dB,
T HLAB BLEG AP S A &

17 \

~
N %{\\\

N

8 12 16 20 24
Ey/Ny (dB)
3 FMDCSK 7 15 38 00 5 B VR A A1 BLAE RN LL 45
Fig.3 Performance of FMDCSK in flat fading channel

FMDCSK Theory BT=2
FMDCSK Sim.Ch.A BT'=2
FMDCSK Sim.Ch.B B7=2
FMDCSK Theory B7=4
FMDCSK Sim.Ch.A BT'=4
FMDCSK Sim.Ch.B B7=4
FMDCSK Theory B7'=8
FMDCSK Sim.Ch.A BT=8

tofdtoved




1110 o5 R R % %28 %
16 T T 0 07 20, BT B B E ) T=05 ps 6 ZHERIE

FMDCSK 15 545 % 0 1.6MHz, HeBbsisr4E L=2, wLAHESN
PRI BT=4. B TH 157 58 420/ T 24245 18 (AR DG
B, ISR 2 FIEA DG AR, TATATLEAR 1 i
A FUEIE B RHATH . I, A 7 AR bR sl it 4528 4y
SR, AHAR BRI AT (1) B 16 2008 Sk T 328 455 T AH T35 5
DAL L5 B B AT T8 s KA 2R [ BR )7 9628 1.6MHz, kAt
JEBIAHASBRATS (W TBR AR T 40 M4, FATETIANT
40Hz 1) Doppler Sl AL AL £ 8

Kl 4 F1E 5 2504 H FMDCSK Al FFH-FMDCSK 7&
AWGN fFIE R Z (518 T P 1B ZE R0 (5 e LE (9 ¢ & il
2, WIELSMEMTEL S WYEE 3 W, L ki
1) FFH-FMDCSK 7F AWGN {518 i iR 15 1k g 5
B=BxL FMDCSK [IVEREAISE. [Hit BT=4, L=2 i,
FFH-FMDCSK 7 AWGN [{ %15 % PE it 5 BT=8 [¥] FMDCSK
iRt R — 3. i ELEs RMEEA ERAE T RATM LS. B
SRAE AWGN {51, FFH-FMDCSK [f)1: it 2 T FMDCSK,
{BRAELR(EE T, FFH-FMDCSK #7873 45 (1 i 35 3000
Fo KR E N 107 I, FFH-FMDCSK 5 FMDCSK Pk g
72 10dB, T H. B (5 W L 1) 32 =i X7 22 BRBRBER o IR 3R
G ARSI ik o —3, WIS
PG 628 2 ORH BT Sl 7 S5 IR A AR (1) I Aff 1 o

107! S
Z —
10° -w— FMDCSK Theory(B7'=4)
o -5 FFH-FMDCSK Theory(B7'=4,1=2)
210 —— FMDCSK Sim.(BT=4)
- —— FFH-FMDCSK Sim.(B7=4,.=2)
10°
9 10 11 12 13 14
Ey/Ny (dB)
4  FFH-FMDCSK Al FMDCSK
7E AWGN {518 T [1i500 4 ih £&
Fig4 Performance of FFH-FMDCSK
and FMDCSK in AWGN channel
10°
10! -0~ FMDCSK Theory BT'=4
—~ FMDCSK Sim.Ch.A BT'=4
& -6- FMDCSK Sim.Ch.B BT'=4
210 —FFH-FMDCSK Theory(B7'=4,L=2)
R - FFH-FMDCSK Sim.Ch.A(B7'=4,1=2)
107 - FFH-FMDCSK Sim.Ch.B(B7=4,.=2)
10+

8§ 12 16 20 24 28

E,/N, (dB)

Kl 5 FFH-FMDCSK #l FMDCSK 7rF-31
R I BEAR AN ] LR G R 24
Fig.5 Performance of FFH-FMDCSK
and FMDCSK in flat fading channel

I PEBRATE R AMESRBE T FMDCSK Ht ACH TR £
HHEAMIRE ST, W H AT DR FMDCSK 7R V4 (5
W RIITERE, 1R RGPUNE LRI G ). Gl
N, B/ HT A Monte Carlo 417 B 45 AR L B 24 iR & K
107 I, FFH-FMDCSK 1 FMDCSK 1:f84% 10dB, 1fij H.
B 15 ok LG 14 s XU ZE Rk SR Bk K . ALk, FFH-FMDCSK
JE—Fh A %3 FMDCSK PERERIY B S RE T & -

5 % % i

Kennedy M P, Kolumban G, Kis G, Jako Z. Performance
evaluation of FM-DCSK modulation in multipath environments
[J]. IEEE Trans. on Circuits and Systems-I, 2000, 47(12):
1702-1711.

Kolumban G, Kis G, Jako Z, Kennedy M P. FM-DCSK: A robust
modulation scheme for chaotic communications [J]. IEICE Trans.
on Fund., 1998, E81-A(9): 1798-1802.

Scholtz R A. The origins of spread-spectrum communications [J].
IEEE Trans. on Communications, 1982, COM-30(5): 822—-854.
Jako Z, Kis G, Kolumban G. Multiple access capability of the
FM-DCSK chaotic communication system [C], Proc. NDES’
2000, Catania, Italy, 2000: 53—-55.

Tam W M, Lau F C M, Tse C K., Analysis of bit error rates for
multiple access CSK and DCSK communication systems [J].
IEEE Trans. on Circuits and Systems -I, 2003, 50(5): 702-707.
Rappaport T S. Wireless Communications Principles & Practice
[M]. Beijing: Prentice Hall Inc., 1996, chapter 4 and 8.

Haykin S. Communication Systems [M]. 2™ Ed., John Wiley &
Sons, 1983, chapter 2 and 4.

Kennedy M P, Kolumban G, Kis G, Jako Z. Recent advances in
communicating with chaos [C]. Proc. Of IEEE ISCAS’98,
Monterey, CA, 1998, 4: 461-464.

Kolumban G, Kennedy M P, Jako Z, Kis G. Chaotic
communications with correlator receivers: theory and
performance limits [J]. Proc. IEEE, 2002, 90(5): 711-731.

[10] Proakis J G. Digital Communications [M]. 4th Ed., Beijing:
Publishing House of Electronics Industry, 2003, chapter 14.
Kolumban G, Kennedy M P, Kis G, Jako Z. FM-DCSK: A novel
method for chaotic communications [C], Proc. of IEEE ISCAS’98,
Monterey, CA, 1998, 4: 477-480.

(1]

ZEmen: 5, 1970 AR, AR, WESUUT 0P REAR . TRl
{5+ AN RZ. E-mail;jeffli@public.xm.fj.cn.
SRAKE: T, 1967 ARCE, IR, MRS, WETT I 0 AR L B

Bt ATRRE. WS



	多径信道下FFH-FMDCSK系统的性能分析 
	Performance Analysis of FFH-FMDCSK in Multipath Channel 
	 
	1   引言( 
	2  FFH-FMDCSK系统的工作原理 
	3  系统的性能分析 
	4  系统仿真模型 
	 
	5  系统仿真与结果分析 
	6  结束语 


