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LR, HEFE T IR ZE AN, SE S FA [R5 S A W 5. XL BURIEE T AR AR
FEAT 50 I B (R A R, TR [ A A Sk 021 IEA T 0 TT LASRAG SR B0 (5 D451 1 IR A 744 [1) L.

ARSI 8] [F] 20 4% 2 (TSE, time synchronization error), %J JCIEAH T Mk H X RAE A S 4
AT Doppler ARAAL THRIEMT. 25 2 5K JoUS AR Tk iy 18 R G SCR A i R EAT (8T, T4t 4
TR RAEIS TA)AN [ 20 I ] BE Ay SR (10 ) el 585 3 4 K 3 RAE IS T) AN [] 20 ISP AR SRAE IS AR A0 1) i 390 5
4 558 T VTP R LIRS I 1] [R]85 458 22 X6 TG T ik 7 18 R GEAH Z Al 1) 56 ), 43 ik
T T] ERVAENS SRAE IS Z 1R 22 il NI 20 43 A R Gass 23 AT I, VA — BRI 2 B0 ATT =X, SRS 23 B sk 18] (7]
HARFERS Doppler SURALTH IR, 28 5 154520

2 [O)RRfEA

B CIEAH T Mk IE R MG S AW 1 R, MEESERGEH B R GR N2
B IR R IR A S RN, K2 RO 1) R A i Bk 1) B A A AN 3 H AR U IS A s [ .
AT SEIUR H ARSI S IL S B AG T, 1 50 T BN R G W AN E A T 4 DR, R EIA U
TTE FH TSR I RURUAR AL [R5 A5 R, AR5 W ) A S A0 B8, 3RA5 H AR S 4, DL R X 3
H bR 30 PV sl e fg (13141,

TEAF 5 KA R b, SRFEIA T35 ZLORUEAS 5 R G AN tH IR S, B0V A2 4% 2 e SR R o B
(R FEARELR, AFR N T A S Bkt i R I s 5 R AT 5, ISR ARUE KA S5 & Bk (5 5 1588 RE g {1
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RS LA I ZA) (9 ] 2 GE5R. 4 T AREJS A S A B MRS, WVERARE 6ty = 6ty = -+ = 8t; , BURFE
B SRR EGAE f, Z AW ECR, B Fo=pf,, p=1,2,3,....
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Figure 1 Signal paths in passive coherent pulsed radar system
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Figure 2 Sketch map of coherent pulses sampling
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Figure 3 Sketch map of relative sample instances change
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7R R R R I AL S R 2 RO k.

3 HENFERZENERNES

B A AV K 75 TR R AT 5 0 ik =5 42 TR) PRI(pulse repetition interval) N T, RFEAR
F, = 1/T,, WAESEA PRI WIRERFE B N, = T, /Ts. WSS PRI W IRSRFE 8 N, A28, A
B9 1A EIAK ST 1 ASREE SREREER 202 6t WIS 2 DNEIEMKIE 1 AR SRR FER Z1 08
[int(N, + D]T, + ots, 2ot int(e) ZRBUSEEL. TtE—MAEBLT, 2 (n— DN, JEE0, WA o A
KRR B 1 ASSREER RIS 2 ¢(n,6) A [(n — 1)N, + 1)Ts + 6tq, W24 int[(n — 1) N, + 1T, + 61, B

[(n = 1)N, + 1]T; + 6ty Hl(n — 1N, + 1T 45,
t(n,1) = (1)
int[(n — 1)N, + 1Ty + oty, FHAtb.
AU, FTAFER n ANBKIPIRIES @ ANREE RO R I 21 4
, [(n—1)Np + (i — D]Ts +6t;,  H[(n— 1)N, + (i — )T L,
t(n,i) = (2)
int[(n — 1)N, + (i — 1)]Ts + 6t;,  HeAtb.

N T G BRI EE 1 ASKAE S AR AL 2 ot AR, 75220 g RAE R REA
PRI GG ] 6t,,. IEWEEE 3 W LAFE S n MIKPIHIER 1 ASRAE R RAER %) ot,, b

0t, = mod(mod(int[(n — 1)N, + 1]Ts + 8t1, 1)), Ts). (3)

Hrh mod(a, b) IR a X b BUR. MRS A 5 R R 5 BRI il (IR IR0, AL 1 Ak 5
1ASREELE 0 INZ, Bl 6ty = 0, WIS 2 AN IEE 1 ASREEROZAE 4T, NZ. by b, BT K 3 B
XTI N, = 3.75, WIEE 2 A PRI IR LRI Z A& 3.75T;, BTLA 6ty = 0.25T,. 1[4 n =2, H (3) X1

0ty = mod(mod(int[3.75 + 1)Ts + dt1,3.75T%), Ts) = 0.25T%. (4)

[RIF A1, 6ts = 0.5T, 6ty = 0.75T ,0ts = 0.0, 5tg = 0.25T,, BIREERZ40 58 0.07,,0.25T,0.5T,
0.75T%, 0.0T, 0.25T, ... RG] 3 Pkt 45 5 10— RARAER Z, w] 15 B0A KA I 21 1) A8
RN 4 A PRL

— I OLE, BB TN A [F AR ZE B RS, BES PRI N ISRAE O N, = T, /T, WImT LLAfEWT
i v AR I B AR KRR IS 20 AR 40 B (UL PRI A SEE A5 ki ) 2 N, ZNEGHS 3 40 L Y
%, b N, B/ NG 2 e SUh

frac(\,) frac(N,), 1 0 < frac(N,) < 0.5, 5)
rac(N,) =
1 — frac(N,), 4 0.5 < frac(N,) < 1.

o frac(-) RoaRsRS /NG )
F5 b, BEHIXERFERZ ot Bd/ NEA T MT, , BAE M A kb 55482 5 30 A R s R
N L, Bl MT, = LT,, Horp M, L 2 AE%5 a0 oy () e N8, A

L = MN, = M(int(N,) + Mfrac(N,)). (6)
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AR, Mint(N,) A3 5, W (6) &M T2k
frac(N,)M = n,n=1,2,3,.... (7)
— BT, W mod (1, frac(N,)) = 0, i
M = 1/frac(N,). (8)

RS PRI A PRAE S 808 10.5, W F 1B TAS [R50 5 1 E AR AR I 20 AR AR T 2 A PRI fik
TR )RR B ERE 10,11,10,11,. . 5 W03 10.2, WIARAL I, 5 4~ PRI, WY 10.9, 4%
WIS T 10 A PRL #2520 ol 41, 24 frac(N,) < 0.5 I, AN M ANEke, —4 PRI A #E
W I IPE B2 —ANRFE S5 1024 frac(N,) > 0.5 I, SEANKE M AN, —A PRI A sl Bl —
ASKAE SIS, T2 mod(1, frac(N,)) # 0 B, AHXERAER Z1 240 AN BE L PRI 3k
Fon. N frac(N,) = 0.3 BF, JO0T R AR RAE I 204246 JE 30 3.33 PRIs , i AT LA REAI AR AE 1]
b T, KRR

4 TSE #8540 Doppler S (& iT8IE M

A N=kM+n, Hf N =0,1,2,3,..,k=0,1,2,3,..., n=0,1,2,..., M — 1, WZELT (2) =,
ATLUS A N SRS @ AR RON B RRAE I 2 ¢(N,6) A

{4 [(n—1)N, + (i — V)]Ts + kMT, + 6t1, M (n— 1) N, W HHL, ©
) =
int[(n — 1)N, + (i — D)]Ts + kMT, + 6t;, At
Heg b, WA ot, KEIR (N, i), N
t(N,i) = kMT, + (n — 1)T} + t,, + (i — 1)Ts. (10)

ARk, W HPREIE S N AT S5 ¢ ASREE, L BnEAS AL B S 4 T P&
KA
err(N,i) = ASp(t(N, i) exp2n(Frr + f2) (KMT, + (n — 1)T, + 6t + (i — 1)T)]. (11)

Hoehr Ay U B 5 I ZEIR, Sr(t) Mo iEwes, fa 4 HARXUER Doppler SI%, 1 < i <
T/Ty. DI ASC R B IR N TR [ 25 R 22 X AH 2 AL B IR 0, P LAAE I G [P0 £ 5 v Ay e 7 T
A, FLOAAE SIE P N KRS S 15 ¢ SRR R 2 B A AR Bl ] RO

dip(N,i) = AgSt(t(N, i) + 7) exp[2n F1 p (kMT, 4+ (n — 1)T, + 0ty + (i — 1) T, + 7). (12)

Forb Ag N K BARNAS 5 1380, A H PR IEE 5 5 A FIAE S IER R, H o < 7 < T, R
BEH bR B

HISCHR [15-17] 700, oS R IA 20 AR S AT 2 v 58T HARE 5 5256 510
B ~Doppler PIZEH AN, HEHEUB AT LI Ry 1)

N-1

W(r, fa)l = | Y e(n)d*(n — 1) exp(j2r fan/N)| . (13)

n=0
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] B B, SCHLAH 2 A B R RE R RN BO BRI BB BT, THET e(n)d” (n—T) I BSEK Fourier

ARAe. H0S d(n) BUEIAE BRS84S H AR PTE R EE B S CAINS I, W e(n)d* (n — 7) B 5 AT A

@(N,i) = AgA33 (N, i) exp{i2n fa(kM T, + (n — V)T, + 6t, + (i — 1)T5) ). (14)

AT BB EIR PR 5 R B AOS A 2 AR RS2, R A ELA B 5 (IR (14) AT —fo b
LK

F(N,i) = A3r(t(N, i) exp{i2m fa(kM T, + (n — )T, + 5t + (i — 1)T5)}. (15)

RO, A Z(N, i) PR S BEAT IR AR S AR R, BATVA KA I R L R 2D R K,
AHEEA KR SR @ AR RO R 5 Z(N, 4) #EAT B Fourier 424, nl {5

‘ S Ly L UT,
X(f) = AT Y AW (£ g7 Jeww (~izn gt ). (16)
l=—oc0 r

Hr A = M1/ M exp(§2n fa6t,) exp(—j2rin/M)), S(f) = FT[3p(t)], 71 () [ Fourier 45 #t.
(16) M TPELNHE TS LM% AL

P b, A() "TERAER R PE 1/ M exp(j27 fadty,) exp(—j2nin/M) WIEHL Fourier A8k, IR M,
SR, X(f, ) PSR CL £ R, EARRA RIS MRS L, SRR £ /M. X (f,9) FEK
WAL 6} 7 1) 2 H A A5 5160 Doppler S £y, WREEA [A(0)], 128 1 AR B fo + Lf, /M SKHR (R
A IXEEETA S oA (E H bR Doppler A1 A48T SLIG, K5 W e A 1 BT 48 AR B0 ¥ H ARk
W, PTREF= A R R FRATTAE A A X S AT A B TR, MK, B2 TR i

H A% BL/R 28 B2, W] %0

M-1 1 2 1 M—-1
HZ:O 17 (2 fadtn)| = 57 2 A% (17)
W STEGT AWM = 1, R WIRFEIR AR K PR bRAE 5505 fa (9705 RE RLIER 2] T 8 ) i

fd +lfr/M
I A RAE I TR B RPN, 47 6t = 0, W)

1, M41=0,M2M,...,
A(l) =
0, Hth.

WL EE N £, RAME 5 RE = T AE Doppler SR 43 AL,

4.1 TSE *1BS 03B HiH A0

T SEBATIDRT I [R) [R5 158 2 7 A 1) A T AT A 3B, A T PRAk I 1) [P R 22 1 e )
RO, Sk (18] He X7k, FEIRERATE SUH—4 T3 3% (NIP, normalized interference power)
wrr
_ S EAOAT D]

E

AQ) A (0) (18)

Horp B[] FoRRINE, Ehs « R
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F2 b, R ot IR ROR SN E R (B 3 PrasiafEol), W (17) 5K, 3B AR (18)

AR
_ AR 1-JA)
[A(0)? [AQ)P

Forp, MR d FRORIRZEEE . RN, TRLKH [A(0)2

NIP4

1 1 M-1M-1

JA0)? = TREYE D> exp(§2m fa(Sty — 6tim)).

n=0 m=0

A A =ty — Ot W (20) AT LA AL

, 1 | M
|A(0)|* = v e Z (M —n) cos(2m fanA).

n=0

A =0 I, W A2 = 1, B2 H I R) [R5 KPR AN RS R (k.

TSR AR GE AR, BR A AR A I8 AR S U I TR Bl SR AR AR s AR 2

(19)

(20)

(21)

(=,

SRR BE U AT R IL), BRI AR G 0 I IR R AT AR, A Sk B R AR

FER B BENLF B 1R 25 AN RE 2, DRI E X

Ay = Aty — Aty

(22)

WA, A BTR3NS 5. R (17) SR A, AR (17) sUEROR I PR 5 (1

—AFEA AL I Fourier B IR AR,
NS A NP AP ST AT O T, A S Ab 3 H S 1 NTP.

1) BL A NTE (—T., Ty) MRS AR BN R, WAL R ECh 19 () = Elexp(jtA)] =

sinc(T,t), " LURAE Z K H E[|A(0)2] N
1

E[JA(0)]?] = ut (1 — ]\14>sinc(27rdes).

¥ (23) 40N (18) =X, ATF NIP Ny

(M = 1)[1 — sinc(27 f4T5))

MU= G s faTy) + 1

Jerp AR U Rty 5 o0 A

2) W A RMIGME R, 520K T2 (1 Gauss 2040, WIEFIER LK 19 &(t) = Elexp(jtA)] =

exp[—T2t?/2]. Fflth,

E[|A(0)]*] = % - (1 —~ 1\14> exp|—2(m f4T)?).
[FJEE K (25) AR (18) X, AT1S NIP 4

(M — 1)[1 — exp[—2(7 faTs)?]
(M —1)exp[—2(7faTs)?] +1°

NIPg =

P FhR G R~ Gauss 734

(25)
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Y fa=5 kHz, Ty = 10 ps I, JH— TR R 4 Frox. HIE 4 7TRUE H, 25 RA
ZERIBRUE ZE R WS IH— AL TP R GE G K. T REE I ZE AR HE ZE 3K, B 27 fu0t, BUHE
(B AL RGO, 5 Sk A A S AR 22 55 Rt MR ™ B, Y RA M 2 Fm it 22 19 K 3 — 2 (LI
sinc(27 f40ts) F exp|—2(m f4T%)2] HBHL#4E T 0, NIP BT M — 1. RIS 5 R FEAE Ik
MRS, SEUNRISE o+ Uf-/M IR 515550 SR BRI T 25 AR AR IS 20 (AR e 22
AT 0 I, NIP BTS2, RO H IS B (R A AR SR . DDA BRE B, 24 £ T, #il T F 0,
sinc (27 f46ts) F exp|—2(m f4T5)?) R T 1, W) (24) X5 (26) AHUMES M ERIGE, NIP #60T
% Mk

0<NIP < M —1. (27)

B 48T, M BUE—E MG OUR, 2 faTs BN, Bkab ) A S YELC S, ¥ Al
BRI AT IR B, KR R S At fe ZE (K — Rl A, e — Pl R sy R B ise, e R
FEATSEIRAS R T faTy BRI, BTA5 5 k& TIKeR A S, Sore e (R A 2R 30T
PEREASBATAEMT S, VAL TP RN 4L

F b, RO TR AP R Z A5 Re ik, {5 5 A8 BRI RN 30w T e/ ip, NIP b
SRR Ry A7 N T8 [ 2 2 I A 2R B A e L PRk, TR A o i AR AR S i vk e i
PRz A B,

4.2 TSE ¥t Doppler 5iZE G150

TE AR [ SRR UL T, REASKIH R4 1 AN SRRRZE o IE A8 A0 B S (K9 T LAk A, exp(j2r
fanTy), b n kPR R M ASKIEET FET ST, WO RE ) Doppler #1445 ¥
HICKANN 1/MT,. ZBSRAGIEZERS, FEE B Doppler MURAEMTE AT k IO, B
fa=k/(MT,), WH KRS SRR N A, exp(i2n(k/(MT,))nT,).

TS, b IR D[] 40 22 () 500, AR AT R 068 R SRR 15 S B RAE IR b T = T, + AT,
WSS n AR IS 1 AN SRRE A28 rF A A B P T LU

. k . k T, + AT,
A exp <J27T <MTT> n(T, + AT,,)) = A exp (JQT{ (MTT) nT, ( T )) . (28)

NIk 1175 31 Doppler iR £/ 4

, _ k T.+AT,

f'=r+Af= MT. T,
LW TE Doppler SURABRE, IRZEKNNA Af = 3f0 S5 BBH M AWK 1 AR A3
1AM 1 ASREE SORERAE N 2 T —ANMKP S8 B2 T sl ANRAE ARG Ty, BI M A SRR I
ZIBAZA A3, i 5 Fros, W

(29)

min(7T, Ts)
AT, = — - (30)
W) Doppler AR ZEH
., min(T,T})
Af = ki(MTr)Q . (31)

G OLR, O TR E BB A DR, SRR T, /AN TIKAhSEE T, Xl MT, = NT,

TP EEE (31) o, WS
1 kT, 1k

= MT, MT, _ MT, N’

Af (32)
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' _aaads Aas o by e * -4 SRt MR Ay 1
| WA =8 VI'

A %/
#

M=4 |-<I— PRIl —|

o b :
—_ |
() i A Uniform distribution
= 1 . Gaussian distribution
= _sif M=2 |
=z !

|[«—— PrRIZ —>]

Y
-151 {
"1 2 3 4 5 6 7 8 9 10 —I_—
Standard variance of A(s) x10-+ |( PRIM —>|
4 RERESHGEA—LTFHRIE 5 ARSRLIETEIRA M MBORRAE
Figure 4 NIP in asychronous sampling Figure 5 M pulses for coherent integration
0.50 ' ; o TS SR S S R S
0.45 ; : i | 7S
M=2
= 0.40 . . = B ] e e e e SE --------------
= : . T M=2 ;
» 0.35 ; : : ' 4, = ! ! 1 . P
-T;- 0.300-- - Z 15 e
£ 025 3
Z 020 Ll = 10| -
o W TJ
5 0.5 13- 5 :
g 0.10 ; & :;‘,'_" 0.5 B T N
0.05 :
R = = e Y Aok el kel i [ AP, Javey SEES
e - = - . : - P i B S
100 00 400 500 600 700 800 900 1000 300 600 1000 1400 1800 2200
Doppler shift (Hz) Doppler shift (Hz)
6 REREPIREIHA Doppler iXffiHRE 7 EERETZIRESHA Doppler SEMITIRE
Figure 6 Doppler bias due to asynchronous sampling Figure 7 Doppler bias due to asynchronous sampling

(32) P28 1 Tk Doppler 73 #FHITHIR/N. 2 kT, << MT, I, 55 2 WU ARH /NI E, 1IN Doppler
BiiZeiR 72 R Doppler 23 #F LG I —/Niar; 114 k =T, /Ts = N, i}
kT,

M?T,"

Doppler #FIR 24 Bk T Doppler 435 ICHIK/N 1/MT, FIAIG KA 21254k F 1 M.
6 45T PRF A 1 kHz, BRIk 554 5. 8+ 16+ 32 W Doppler A% 2 B 7 XM )

J& PRF 4 2.2 kHz, B2 Ikrh 5050504 54 8+ 16+ 32 I f#) Doppler SR %%, ML EFS /B F14)5 E

SN LU Hi: 1) A0 SRAFE I 2022 40 53— e ), {55 Doppler Sl 1 5 Doppler fhi 28 K; 2) M

K, Doppler S Al v ZE AN, Wi 6 5 7 Prost I Doppler S 15 78 FE A 0] DL 2.
NI E A BT Doppler AR I AT 25, B ERARMS S Bk P ERAE N 1 kHz, 25

A 0.5, RYGCRAEAAFA 40 kHz. & 8, 9 4511 T Doppler #5354 400 Hz F1 100 Hz, N, 735l 40,

40.1, 40.9 Isf, FIH 20 Mk EATHS I RO AR, 2 N, = 40.1 F1 N, = 40.9 I, A0 RAERZ]

ARALJE I8 10, BER ) Doppler 23 #F 5L TG IR /AN [R], AEZ kot B FRAE 550 N ASTR], AHEE T 5

N, = 40.9 B PERAE S8 2, t (32) 2AnTan, JEX A TR ZE 8, il 8 B,

Af= (33)
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1.0 —N=409 | 0] e s I . 1.0

or=T A — N=40
091 | o t=do osol AL N Y 0.9/ 100 A N,=40.1
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The impact of time synchronization error on passive coherent
pulsed radar system
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1 Research Institute of Information Fusion, Naval Aeronautical and Astronautical University, Yantai 264001,
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Abstract Passive bistatic coherent radar system operates with distinct non-cooperative transmitter and receiver
located at different sites. In such spatial separation, the receiving system needs to independently solve the problem
of time and phase synchronization via direct-path signal. The impact of time synchronization error was explored
and solved in passive bistatic coherent radar. The common model of digital sampling process is introduced to
illustrate the effect of time synchronization error (TSE). The periodicity of relative sample instant variation of
each pulse is deduced. Then, normalized interference power (NIP) is defined to evaluate the potential impact
of TSE. The NIP expressions are derived when the difference between the adjacent relative sample instant is
uniform distribution or Gaussian distribution. It is found that there are new spurious frequency components and
the detection performance is decreased in the case of asynchronous sampling. At the same time, the analytical
Doppler frequency bias expression caused by TSE is presented. Theoretical results are confirmed by simulation

in the cases of different periods of relative sampling instant.

Keywords passive coherent radar (PCR), time synchronization error (TSE), normalized interference power
(NIP)
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