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Abstract; A non—coherent algorithm based on combined 1, 2 and 3-bit differential detection with decision
feedback is proposed in this paper to demodulate AIS (Automatic Identification System) signals, so as to
enhance the abilities of the widely—used 1 and 2-bit differential detection ones in adaptation to co—channel
interference ( CCI). The algorithm is based on the Bayesian linear model, and establishes a maximum like-
lihood detection formulation. Theoretical analysis demonstrates the predominance of the proposed algorithm
against the existing non—coherent counterparts in adaption to CCI. Simulation results then show that, when
compared with the two algorithms developed via 1 and 2-bit joint differential detection and 2 and 3 —bit
joint differential detection with the bit error rate( BER) is set to 107, the proposed algorithm gains an im-
provement of 1.5 dB in signal —to — noise ratio ( SNR) in the case of additive white Gaussian noise
(AWGN) , and an improvement of 1 ~2 dB in signal—to—interference ratio (SIR).

Key words satellite —based AIS; non-—coherent demodulation; differential detection with decision feed-
back; bit error rate analysis

1 8 = BRATARMLAT , 42 S Atis 2 M E B4 4, a8 ALS

SEENA E SR RS (Automatic Identifica- K AL 20k A B AR A5k ALK
tion System , AIS ) ) FHAI B0 T A2 345 3 192 Wi WL 422 i it 424920 n mile, 7] AR 4F bkt S {55 1R &, (2
TR thE AIS (55 TN A4 SR AIS REURR, M TRBIL ALS (590, 15

= UGS HHEA.2013-10-08 ;1€ E HH#3:2013-12-16 Received date:2013-10-08 ; Revised date:2013-12-16
w%  JEHAEE 1y2 2394@ qq. com Corresponding author :yz_2394@ qq. com

- 169 -



www. teleonline. cn

HLIREAR

2014 4F

600 km [y 10 AL %F 6 T A9 U8 DU IX 8k 42 3k 3
1500 n mile, H T2 40 T iz s AR ZE 77 48 T
N2 ARG BRI 15 I L L TF)E TP (e
SRR, R ALS Ay A R T R NS U
( Gaussian Minimum Shift Keying, GMSK) , #H T fi# 1
T LA AR | 223 W0 00 R R A% 9 s 4iE ) S
S LN T A R S D) RRE A A % B DAL, B
AIS — R FHARAH T R 531

XFTARAR A, W B 2 0 1 R 22 53 il
PR 2 LUARR2E 50 | BOORBAR AE 2R IR A 3R R
e (BT T BT R 3 ALS 75 A BRACR A
A FERIAE P RE 22, CCL 2604 MR SR iA
PERERIRE, ZESCER[7 1 b FEH 00T T 6 LRI &
20T RV HGTTHRE J1 3%, 75 CCL 44 T
() VR PERE S5 BN 22 40 M R A EL 3R, 3 B A [R] DR A5
RIFE MR L EOR AR T4 dB, {HZ A& 22 050
DRI 2E . FESCHERE 8 1 T MR 51 A HI TR 5t
PRI T 1.2 HORRIR & 2200 St f 2 3 L ARER G 22
Oy, BE b2 3 ORI 2200 SUABEEE 1.2 LEAR
A 255047 R T IR I P R i BAR M AR 22 1
22T o R S PR A

BEXT bR [l A SCER T —Fh IR 25 43 I A5t
R E—1 2 3 FUARHR & 22 43 S Ast, X i 3 14 fig
HATHEAE I BUS T RO SEER A5 R BEAR 4 i DA
[R5 5 rhR I A o A R

2 AIS E51#&E

AIS {55 B9 JE i 77 X2 GMSK, /5 B3 IT o, €
[ =1, UV FEV R ATHEA T 25 03 b )b, = a, b, o

TE GMSK {55 il v, 15 S xd Ay i o k17
Wkl , B2 5 A5 5 b, WAL B AR AR 5
W, B, GMSK {55 fAH {7

e =gy +mh | T hglu-kDdu (1)

@, WA, LED7 BT 2 B g (1) 2
GMSK 155 kiR %L, 7E NT<t<(N+1)T Ny
FEASE B AR B TF BT T NT 1S 8] PN (4 A 57 28 £k =2 T
I A LR FR by, baer s by BRI S
i, GMSK 155 i it e 7 F A ( AWGN) {18 322
WA IR
s(t)=Aexplj(2af+e(2)) J+n(r)  (2)

A A, WEL S, B, o (¢) 72 GMSK Pl A,
n(t) & AWGN J= A REALIE 5

H TR ALS BERIT R 2N /N A5 X B
PSS CCl BIRBHR KA,

- 170 -

s(t)=s,(1) +s,(1) +n (1)
si(1)=Ayexp[j(2nf t+¢(1) ) ] (3)
s,(1)=A,exp(j(2mf t+p,(1) +2TAf) )
Horps, (0) 22 HARE 55, () ME R THAT
TR A /A, ST AF SRR T 2 AL P AR A 2E

3 EREAEME

3.1 EHRIR

L2 R 0 R G E R AN 1 R . 7R
ALS #2555 (1) o n—-bit 225055 d, ()
M s(¢) 5B nT BHE(FS B L0 774

s () 4,9 | | [
e YT &
A\ v
aT || 90° _.&éiﬁ bey b

FE B bk
bey T

n=1,3,5+
b iTi

3yt

Bl 1 n-bit 225 BB JH LA

Fig. 1 n—bit differential detection with decision feedback

ay

P

g ]

E R
R

GMSK ] FH 200 9t a, =b,b,_, A VAR 2253 %
ooz
Im(d,(kT)) =b,+n,,
Re(d,(kT)) =~=b,b,_ +ny, = —a,+n,, (4)
Im(d;(kT) ) ==b,b, b, _,+ny, =-ab,_,+ny,
AP ,n, (i=1,2,3) & n-bit =il FIMR S 22004521
BT n-bit Z47 ( n—bit Differential Detection, nD) i
FIG T TIRGHERS nT B9 A7 A5G, B TTHI ke AT 1)
Z| ,n—bit Z& 53 FIPAEN L0 E
b,=sign[ Im(d, (kT))]=
sign[ s(kT)s(kT-nT)sin() ], n=1,3,5--
a,=sign[ Re(d (kT))]=
sign[ s(kT)s(kT-nT)cos() ], n=2,4,6--
X)) HH
¥ = 2 b0, =

o(kT) — (kT — nT) + n(kT) — n(kT - nT)

(5)

kT
6, = w2 | lr =Dy

H1 T GMSK 55 il i 7= A= B ] ER 8 (Inter
Symbol Interference, ISI) , >R FH 2250 A5t i vl LA 2
2 P S TR 20 2 A I8 RS T I B A e 1) R 4
PEmfiatEne, 76 1 kR R, = (5) AT



5 54

R, /MR E SR — Rk ) B AR ALS 15 S AR AR T IR ik

2

IR TCHI S o AHC, FER 8] ER B A R T, a0 2R
RS TS B — W T A A A, B b, # b, , FI
R 1 B /N, 25 5 P A R ) I A it 9, =
b, 0,5, FIRAA N w0, i B R TS
InCUA> ) — A FEA , Al B e T PR, DT 3R AR
AR PTREETERE  RIEEATAR 2 3 FLERE A R AW
A 9, 9, , I n-bit 2250 R ATC N nDF

B {2bk201 , b Fb,
’ 0, by =b,,
2bk—301 ’ bk—Z ;é bk—3

9= {o b, ,=b (6)
’ k-2~ YEk-3

SCHR[8 1, am Jek Eb #5065 o H pe i 1) e /N A
N AD,,, ,n-bit 2253 FUBR, W R T 5 [E] #R 4E,
P T iRAYERE, LR HAE AIS RGP — L BT
=0. 4 T uE P AN MK B L=3 1 1,2,3 Ho4F
2203 U R I fe /NS F A, IR I T 26,
20, fr40,, X (5) 5l AHIYL I G 1 FI YA {7

=y-9, (7)
3.2 BEESRER

SCHR[ 745 T 58— 22 LU AR B & 22 4 i R 3
B AT n>2 B R R M RE R AN K B
W% SCHRAR I A 6 LR 22 20 3 ik b e M R A
AR A5 Ay . A 2 IR BEIEGIA T 2 L
FEFN 3 HUARR I 2200 IO RE AL AL R Gk B, T AE B
HZG T oA, SR A SRR 5 Sk [ 7 ] SR 1 2
5t,n>2 B US| AREIL L R PERE

IASCHR[8 1 H ) n=bit(n=1,2,3) =40 A
YR JEEI AT LUE 1 R 22 o R R ) 25 SR BB A I 2
HUARE 3 HURE 2500 i 5 35 B 8 O % A PR A 1R, BT LA
G220 R IR S5 A i p i A SE PR X, #e b
23 FUERBES R 1 .2 SRS 220 Y KT
AR Pl e s fe R 1 O, (E 7R IR A M Lb 2R A
T,2.3 HORRIR A 22 40 B0t A IR 0 38 A 1 R 1R R )
IR RYERE . BKEA n—-bit 2200 R n A B
KRR R Ay, I T 00k &R 4% O HL 2 AL 4
ALS fEVAPEREM A AF T, #2112 3 HRRER G 2257
R (e 1+2+3DF) W5k, 1B E 10 UL 32k
PR A DL B K 9K b ( Maximum  Likelihood Ratio
Test, MLRT) £ 4 J] vz 1 .

Sy (KT) dy(KT) (s (KT) 1B,=1 by bis) 2
S(d\(RT) ,dy(kT) ,dy(KT) 1b,==1,b,, b, ) ™

(8)
S,y ,2) JE(4) G LA H B T 25 50
B ME % % J pR %X ( Probability Density Function,

PDF) 1.2 3 FRFHR A5 2570 Y2 DL it S A R K 5
R RN W E RS w=n),,y=n,,, 2=
nyy o FHREYTHE AR B2 oK KR T SRR, R AL A
 x.y .z JCh PDF JRERE R, IRA SR E x.y 2

[ 4 F PDF 1 J2 i,
| | x—E(x)]" x—E(x)
flxy,2)= Texp| = | y=E(y) | €| y-E(y)
2w det? (C) E(z) -E(z)
(9)

K EC - ) RV RN, C EREVLAE R x .
z WO T 250 . # X (4) KIGME R AP 7 2250
FEARA B BIRA MRS R (v, y,2) 556
MLRT 2243 F10 55 A0 R 26 53 i @, = b, b, , 153 IR
BRI R PeEN] .

a,=sgn[¢,Im(d,(kT) )b, -

c,Re(d,(kT) ) —c;Im(d,(kT) )b, ,]  (10)

MLRT H1e(8) PRUEEK A 22 4315 S ) g o )
FIHERYE . ¢, WERA 20 IBREE G HUE, ¢, +¢, +c, =
1, FUAH 53 T 52 W) B35 e I P B8, E X6 T 480 A %%
TR —E (1) AWGN {5 BRI | AU A e 28 % i )
PERESZ A R .

4 REESMH

R T X PR R AT VA | DR A R R A e fi
PR TERE . EA R SRR X R — {5 5 MR R Y iR
T AERRARG , 196 I B30T () ] P s

ALS 15 5T H1) P o 0 2 22 05 5 A A ¢ -9, 7
(0,27 ] L AMESR M0, 2500 I B S s 1R A 3R 7 I 2
Bt S, 0 22 53 i PR (R PR RE A BT o, A ABTHER m
R R ¥ 91, 5 GMSK H T i kK s L &
X, FE n-bit 257 RGP, BT K E m=L+n-1,

HR[I0 T4 T m AR EIF 9 &4 F iy
IDF #1 2DF RG-S FMRE AT, 2550 st
(5)f1X(7) 733 AWGN %14 F 1DF iR % P, %
ST W

P, =P |-w<¢-9<01d,(t),b,=1] (11)

E 1 LSRR (1DF) 2%, B F 5K
& m=3, FIPAR E 0 RN T Ap =g -9, FIHLT]
PR sinAg, 24 #%EFE51 0107 F1“ 1017 i, HR & 34 ok
2 Ap Ui fe/IMA, il AR 22 . 2DF By 1R1S
RERXUT .

P,=P |-w2<y-9<m/21d,(t),b,=1} (12)

TE2DF RGBT I K E m=4, FIJ(H
cosAp=—3 , JHEJFH] R “1001” F1“0110” i, Ag
B fe/IME, (R PR P e A i

<171 -



www. teleonline. cn

HLIREAR

2014 4F

ASCHE 1DF 2DF R 40 11 23 2 By 5L iy b 4

5 3DF {Ri%K,

P,=0.5x[1-P,{[sin(y=9) 1>01d,(t) ,b,=0} ]+
0.5x[P,{[sin(yp—1) ]<01d,(t) ,b,=1}] (13)
TEPERE T, 3 LUARE 25 431 i 0 11 M 75 A G

RBZWEATT 155 3DF 15K F A F .
P,=0.5x{F(0)-F(m)ld,(t),b,=0}+

0.5x{F(m)-F(0)lds(t),b,=1} (14)
Wsin(p -9 -y) |

F(y)= Am
f”/z exp[ — (U - Vsint — Weos(¢p — 9 — ’y)cost)]dt
—w2 U - Vsint — Weos(ifp — 9 — y)cost

(15)
L5, UV WIRERFWR L p (1) FFFIEAS &
U=0.5[p(t)+p(t-nT) ],V=0.5[p(t)-p(1-nT) ],
W=:/p()p(t-nT) = /U =V, I p(1) BF m [L4F
HREIFYIKE NS5, L 1DF M 3DF &%, J5 & IR Kl
A ERMHIPIE S 0T 2250 4t 3DF 25 5 1 ok
T T PR A8 ), (5 B R 1 i R AR 4t

5 hEXBSSH

5.1 AWGN thgfig o R

AWGN Hep—(5 SRR [E 2 (2) D LS ECk
BRI R AIS BG5S B WE R [, =1/T=
9 600 b/s, RFER £ =96 kHz, 1181 000Mi i i5A% %
W56 b, AFMEME L (SNR) &0 F 3 MRS 2243
R ERE , £03E 142D\ 1+2DF | 1+2+3DF Jf 14
MRS N B A R AR W 2 FTR

12

o — o 1+2DF

--Er- 142D
--A-- 1+2+3DF
1} —+— ideal

X
RN

e E--E._

-2 0 1

q
A\

BER/(%)
(.Y
/= P
AN

9 8 6 -4
SNR/dB
K2 AWGN fEIE #5571 bE
Fig. 2 Comparison among 1+2D,1+2DF,1+2+3DF and
ideal coherent demodulation performance in AWGN

BEB TR 2203 n (ROHE I, DR A5 238 36 1T AH T A
(PERE ; LA 4 FhEETL RIS AR IR BEE (5 14 L i 3
I, BRAG AR TN {H 142 +3DF AP RB UG AR AR,
TEAG MR LR T -5 dBJim , HoA: AE il 43 3 A 1 i 34

<172 -

PERE, A SCRE S SR 7 1 HERG 1.2 HeAP2E00 (1+
2D) MR 1.2.3 AR5 (1+243D) fiff A B 1L A
e, T IAT A He U5t W bR T S ] AR, 3k #)
FHIA] A 1R 28 ( BER = 107°) PEREIS, {5 W Fb 23R 43
WIFEAR T 291.5 dBFIL dB,
5.2 CCI #4E4THMBEYER

PifE SRS (3) 25 SR 1L SIR
=201g(A1/A2) , BAg AR BRI 1E 5, /ME S5 EBAE
THAF T U5 B 4 FERA 220 R S i A R
$5 142D . 142DF 2+3DF il 1+2+3DF, B E £
e WA 22 (P25 ) £3.7 kHz) FE E BE & L
Pz 5 T A A R B

1R2(5 5 [ & 2% (Combined Difference of Fre-
quency,CDF) 500 Hz, 5¢4F K Z Q%1 000K,
B N T IR S 5 R R A (B A (5 R EES B, B E
SHEE VL 0 ~ 5 dB, ST KA S A0 M AR
HHZRENPE 3 FroR, A 4 FhIse & 2540 ff JR 35
e TEPIME S HER /N T3 dBIUAIE TR, ik BIAH R Y
TR REOR AR SCE L 142D FEK T0.5 dBAYHE
TSR I HAL T 142DF 2+3DF (g ETEGE, 5
SCHR 101 A9 1 ER R 2200 IR 2 Lh e 22 43 Uit
(2DF) &, MR B RS R (BER=107) T H 1 ~
2 dBIYRE S ELAL B, B T A SCHRVE A s T T
YRS,

30

9 —A— 142+3DF
25X T --E-- 142D
\\D --©-- 1+2DF
—+— 2+3DF

2
SIR/dB

K3 CDF=500 Hz 51T 4 FRETERE AR
Fig.3 Comparison among 1+2D,1+2DF,2+3DF,1+2+3DF
demodulation performance when CDF =500 Hz in CCI

R 4 [EERER I SIR=1.58 dBR, A 3084
A 3 FPRRAE AR 2SI DL T ER R B RREAR T
FR I B IRA 3 FE A0 22500 Hz I 5 W 5, B A 1 3
5% (RIS AEAAR] 5200 250 T b Sk [4 ] h
(3T RE L T ARG [R) A5 i R 500 o 22 A ] e A5
R T 29 5% , FF BLAS SCHRE LU A i P30 0T
B ASCEIEAE 2 K T3 kHe I RS E] T/
T 1% 7K, i HoAt 3 Fh B0 2238 K T3 kHz A
AR AR Rl TR K, U T A SR GE A i



554 % R, /MR E SR — Rk ) B AR ALS 15 S AR AR T IR ik

2

JH 22 E 22N T3 kHz O IRIR SR 5 78 AIS {5
S RAEIREN AR AR AR A 98 A S 4
AR AR R A T R

140
A —A— 1+2+3DF
12 §—Bhg --EF- 142D
ot S --0-- 1+2DF
-~
o 4 AN —+— 2+3DF
% 3 §\A\\ \\ .
N
R 6 DB
\\
4 \F'|\
2 Sers
0
0 1000 2000 3000
CDF/Hz

4 SIR=1.58 dB I} 4 FR SR A TEREXS LU
Fig. 4 Comparison among 1+2D,1+2DF,2+3DF,1+2+3DF
demodulation performance when SIR=1.58 dB in CCI

6 & it

ARTCER M T —Fh 1.2 3 RIS 260 B TR
B AIS {5 SARM T A 07 3k | Be A U AL Ge 22 7
PSR T YURE I 22 R T, [RI, R s 5 LAY
KT HNRIEES | LR GEAR AR 1 o 5k A SR A fie
PATERE ., D ELSCE R W], fEARAR M LU AN A3 4
ATOL T AL R IR PERE W A T 1.2 bk
B20r5 2.3 ARG 225 . P GMSK {55 iy
TR PEAS R (53 PRI T B2 0 AR AT T4 07 vk
e F— LI Ir 1

S .

(1] GB/T 20068—2006, ffs 2 A S PUH & 4t (AIS) $E AR 2
SR[S].
GB/T 20068—2006, Technical Requirements of Shipborne
Automatic Identification System( AIS)[S]. (in Chinese)

[2]  EH, MME, 253080, % —Foiii 2480 Ui R 5k
MRS ] T, 2013,34(3) :395-401.
WANG Cong, LIU Zheng, JIANG Wen-li,et al. A New
Detection Probability Computation Method for Satellite —
Based AIS System[ J]. Journal of Astronautics, 2013 ,34
(3):395-401. (in Chinese)

[3] WBER . 2 AIS Bk RGBT BB AR
[J]. fEiHEE AR 2011 ,51(5) :1-5.
PAN Bao—-feng, LIANG Xian—ming. Satellite —based AIS
Receiver System Design and Related Key Techniques
[J]. Telecommunication Engneering,2011,51(5) :1-5.
(in Chinese)

[4] Wang Cong, Zhu Shou-zhong, Jiang Wen-li, et al. Syn-
chronous demodulation algorithm based on energy operator
for satellite—based AIS signals[ C]//Proceedings of 2012

International Conference on Systems and Informatics. Yan-

tai; IEEE,2012:1760-1764.

[5] Bhad, BXRAE, BhAN. —Fh 2 3k EE S AR A HA5 5
A5 B IRER A [T]. S R #4,2012,17
(3):1-5.

ZHONG Lie, ZHAO Min-jian, ZHONG Jie. A symbol
timing tracking algorithm for MCPFSK [ J].
Circuits and Systems, 2012,17(3) :1-5. (in Chinese)

[6] BB, FF4EfL, Bk, —MFim LRERE RGN
PR [T ]. 2 B R 2012(6)
75-79.

LV Qiang, QI Wei-kong, XUE Yong. A Carrier Fre-

quency Synchronization Method in Satellite Communica-

Journal of

tions System [ J]. Chinese Space Science and Technolo-
gy, 2012(6) :75-79. (in Chinese)

[7] Zhang Zhen-sheng. Combined Differential Demodulation
Schemes for Satellite—Based AIS with GMSK Signals[ J].
Space Missions and Technologies, 2010(3) :113-119.

[8] Yongacoglu A, Makrakis D, Feher K. Differential detec-
tion of GMSK using decision feedback[J]. IEEE Trans-
actions on Communications, 1988 ,36(4) :641-649.

[9] Pawula R F,Rice S O, Roberts J] H. Distribution of the
Phase Angle Between Two Vectors Perturbed by Gaus-
sianNoise[ J ]. IEEE Transactions on Communications,
1982,30(5) .1828-1841.

[10] He Xian—deng, Pei Chang—xing, Zhu Chang-hua, et al.

BER analysis of a GMSK system using decision feedback
[J]. Journal of Electronics,2008,25(4) :544-551.

B W (1987—), 5, WIR % 2 N ,2009
ETVHZRME K2R L% L2, oA
g BRI I N S A S S £

CHENG Huan was born in Anxiang, Hunan
Province ,in 1987. He received the B. S. degree
from Xi’'an University of Science&Technology in

009. He is now a graduate student. His research
concerns signal processing and communication.

Email ; yz_2394@ qq. com

FANEC1966—) , 5 I E S N, a0 R S,
BRI 0 R W 2% B S A A

WANG Xiao—hua was born in Anxiang, Hunan Province,in
1966. He is now a professor and also the instructor of graduate
students. His research concerns neural network and digital signal
processing.

Email ; cslgwxh@ 163. com

BRI (1986—) , I3 IR A 2011 4F TR VD HLT
P RIS S o e VAR /SR /10 o ) e S o> 2 0 B D/
SRR ELE,

CAO Zhi-feng was born in Chenzhou, Hunan Province, in
1986. He received the B. S. degree from Changsha University of
Science&Technology in 2011. He is now a graduate student. His
research concerns signal processing and communication.

Email ; caozhifengl 860@ qq. com
173 -





