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Pk (75 45 5 AT S AL EE, JFFRI A - e A O RFMEOR 2 i) s s et BT AR
REEFI ) AR AE S LT IRAF A B AA ] 5 5 A BE DI RE 0 A5 R s AF o

HI 7 R T B A R AR B AR B SR Z T EHIE R, B bUE B s i —
BN E S W RIR RS E M L m PTEEE DA R A AR /N AR 8 TS R, AR
s Rk e P R THI B () A2 R T P2 AN AR AR 9100, i L, 7 SR THT B AR 5 1 D I T A A
JHF I ] g g 0 B T =24, SRR B AN BN E FRAE IR R 2%

3 RETERMMOHBIEIRL (SAWDDL) [ 8] P 4
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K3 &PEiEbES

Hif RIEAN:

Acos(2mfrt + pt?/2) , t<t<t
s(t:{ (2rfit + pt™/2) 130312 (1)

0, B
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FETE A NE SR .
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T B HGE R L 25 & TERE S 42122,

%1 SAWDDL RS %L
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S 12~50 dB
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s1(t) = s(t) (3)
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ZKH, 0 NP FEEZ A B TR [RIBG . XHE 5 51 () 1 so(t) VEFHIZH W15
r(¥) = /OO s1(t)s3(t —9)dt . (5)
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AP L A 4 A S T
R(f) = Si(£)S5(F) = S()S(Ne™? = |S(f)Fe*™" (6)

XE, S1(f), Solf) A S(f) A2 sy (f) so(f) Al s(t) FISE. B2 (6) W%, R(f) HIAH
N

e(f) =2mfo (7)
HORT AR AR o(f) EIE f RAMESCR. A (7) AIAR R, PSS B R A (] R A
_ ;ﬂg? . (8)
SRR, BRATEIHE S s1(t) A so(t) BEATRAE, WERFEGHIESN:
x1(nTy) = s1(nTs) + wy(nTy) (9)
xo(nTy) = s2(nTy) + wa(nTy) (10)

EE, T, NRFEFR, wi(nT,) F wy(nTy) NI ES . 35S 2(nTy) A 2o(nT))
TEEA GBS, FRHGE s B2 e, ) f A DG 2 3 AT 43

R(k) = X1 (k) X5 (k) = S1(k)S5 (k) + S1(k)W5 (k) + S5 (k)Wi(k) + Wi(k)W5 (k) . (11)
K, Xy (k) Xo(k)s Wi(k) 1 Wa(k) 5381 21 (nT)), 22(nTy)s wi(nTy) Bl wy(nTy) s

HE o AR wy (nT,) Al we(nTy) AAEIAN.H 5G5S 21 (nTy) Al 2o(nT,) oK, WRAFE
PN N 22, X (11) ATzl RaA A

() ~ S10953(0) = SO = [5(0Pesp (15740) (12)

KHL, Sy (k)s So(k) 1 S(k) 4B s1(nTL)s so(nTy) Rl s(nTy) HS%. tisk (12) W41, R(k)
HUAR f AT AR R TE O )
o(k) ~ Wﬂke . (13)

WO (k) SR b 2ERMETRR, BATHZANBUFEE /b — 3 — &, Wi E B
B S A 75 BB R TR B 0 (1) £ M 0.

5 wEDHT

T HET AN RS R AR IR, AT ZEX RS KA AAE 5 21 (nTy)
xo(nTy) BATE A, 5 Z AN B RS 5 AN THE 21 (¢) A1 22(2), SAJEFXT 2.(¢) M
To(t) MEEMIIGB B, HETIAS 2 A ARG A B G0 4 £1()~ do(t) NRERA RIS S, T
A AR S S N

(V) = / 21()aa(t — O)dt . (14)
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M, T AN 5 2 [A] FR) A [ ] g A -
0 = arg max 7(¢) (15)
A0 SESE 0 2 A HT R A
i (15) AT, 249 =0 i, #(0) B—Br S35 A0) Jv0, B
F(9) =0 (17)
K (17) 1Bl 0 BTk iTeeittt, i
F(0) + (0 — 0)7(0) =0 (18)
HETT, IR % AT AR AN '
O (19)
7(6)
NAGS &1(t) M 2o(t) MG A
SN+ T Y wan et g < Lo
Xi(f) = n Lo (20)
0, |fl= 5“’
S(f)e= 320 LT, ng(nTs)e_ﬂ”f”Ts . fl < %
Xs(f) = " ; . (21)
0, [fl=%5

X, S(f) N s(t) M. RIE4EgySE8cE R, B LSRN £(0) B, TS H.
#6) = jom / FXH(F)X3(fe I f (22)

LR F 55w, (nT,) M wy(nTy) BN, 4538 (22) 15 LSRR T 7 2 A, WA -

f(é)ijsZ[wz(nm ( / fS(f)eﬂ“f(”Ts")df) +wn (nT%) / FS(f)ezeInTed f
” (23)

R b3 R 7 A8 B S e ok 3Rk, MK (23) 2o mT DA ke

P(0) ~ To > [wa(nTe)d2(nTy) + wi(nT4)s1 (nTy)]

n

(24)
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XE, §0(t) A So(t) A s1(t) A so(t) FI—F FH R, FRATE TS LA 2
F(0) ~ —are / SRS = B — —Fy — — B, (25)

WL, By BBy AR 5(1) A éo(t) MOREEE.
$38 (24) (25) FONFIS (19) b, TG 522 AT A Sk 9002

D wi(nT)é(nTy) > wa(nTL)sa(nT)

AT, . 26
E;, + E;, (26)

7 (26) RIDGIN &R Z B, TR AR, TIRAMIA MR, & E i
& R G BN 7 L I RRAE RO RES) (jitter) . BEALME S =38 43007 A2 O B R 22
5.1 ARGRABRFRFENEIRE

BB (9)+ (10) T wi(nTy)s wo(nTy) &R GERIFAMER, 8 32 ELALFR BRI AR B g
P~ SRRSO AR (BRI 75 LSRR R GEII RN 75 o S EANTREIMEN 0 72N of, HImHT
FIEE . Xl (26) SR ZEA 14

02 T2 "[$3(nTy) + $3(nT))

Var[A] = z o8 ) (27)
N .
T.> $*(nT.) = / S)dt =B, (28)
UEEY ,
Var|A] = ;"5 . (29)

5 SAWDDL f%i s s(t) AW ES, M
E;~ 47T2f3Es ’ (3())

R, B, RN s(t) REE, fo NET s(t) B, £ (30) AR (29) A

0_2

20 f. 2B, (1)
AR S s() P BT A, P, = Eujre KB« N s(t) B9 4 5

P e
SNR = U— M= (31) W5 e

2
w

Var[A] =

1 1
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VarlA] 22 f2f,r x SNR 222N x SNR
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XH, N=for=1/T, MET s(t) £ 7 WIS E Xl (2) w5

E, =A% | (33)

e P, A
SNR = 0—2 =— (34)

R (32) LT BLS B S
Var[A] = ! ! (35)

2m2f2N x SNR 212 f2N x A2/o2
B (35) WIHN, A5 E ek NI R G0 1) e 7 e A R R 2, U AR

(1) 4 xﬁﬁzﬂ

(2) TR B et L5 5 () AT A 58 + 1) SAWDDL 24

(3) H LB CEA IR 55 s(t) AT S5 P LR f, 10 SAWDDL 345,

(4) $ rmwSNR—fg f,hmhmm 1) SR ARG 5 ) SAWDDL 5%

’IJJ

5 2) BERBER K RE R 3) T SAWDDL FI W R MRS 5, AT T DA
Oy B 18 FLIH- AR e L BRI P, RE RS {45 e EL 1S BUAR K AR =
5.2  BFEFIREERFEIE (Gitter) FFERNEIRE

R B B AR AL RO REED (jitter) & — AT PR AN AR w; (nTy), 7720 of. ¥
KEHELE nT, MHETLeVEAL, BB RIREER jitter 7728 (R 25 AT DLGREE AL R T IR K

wy(nTy) = w;(nTs)$:(nTs) (36)
wa(nTy) = w;(nTs)$2(nTs) . (37)

R (36)« (37) FRAR (26), FsRy 21
oIT2 Y [$1(nT.) + 55(nT)]

Var[A] = n J52 , (38)
N o
T, Z §*(nT,) = / s'(t)dt = By (39)
kY
202Eé2
Var[A] = f]EQ , (40)

i‘zi, By Eﬂﬁf“Tnﬁ s(t) — BB 9T T I RE R
,flilj?f 5( )9 —IU\?ﬂE@U:

Ege ~16m*fiE,. (41)
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XH, Ee ZWRNAS SR KX (30). (41) AR (40) A

2O'j2-E82

Var[A] = B (42)
LR (1), (2) LR
Alr
E,: = 5 (43)
Kt (43), (33) AR (42) A
o2 o2
Var[A] = fJT =~ (44)

XH, N=fr=1/T, NET s(t) TER5E 7 WIEREE S

M (44) AT LA H SRR 22 1) 22 2 AN 2 B2 i I EKG 2 1) el =X (41) PIRD, A
VNI BRI FERIRLED (Gitter) P24 AOINRIR 22, W52,

(1) RE R f.

(2) KA REBEAE S NAE S s(t) HAE KRS 7 1) SAWDDL 284}
5.3 BELEEFENNEIRE

2 (33) AIE, 159 s(t) HIMEEEA:

A== . (45)

-
i A/D R AECH B A, WHEALK RN

24 AR,
q = 273 = - 223 5 (46)

WAL 7S 1K) T 20N

$ ERIA (20), 13 (30) T LA E:

1 1
T 6mPr-22Bff2 6m2-22BNf2 (48)

Var[A]

W SERRIU RS, A/D BHaS KA AT RS T M, FrBLSERR IR Z SRR
T30 (48) MR, HaC (48) AN, & ZE/INE AL P AR T R 22, A 2

(1) FEFEERFEIR [,
(2) R Bl L N5 5 s(6) BAE KNS 7 ) SAWDDL #3{F.
(3) RHIREUS ALy M M5 5 () FA O f, 11 SAWDDL &1+,
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6 fHEA4S

N7 BAE B (35). (44).

(48) I VEANA Rk, AT & g8 A B AR Y AR

Z2 I BRRCREE I ELSD (jitter) 7 A2 HIR 22 DL R AL IR 7 7 A2 (4R 22, FI ] Monte-Carlo

TIEBAT 07 S, R A RAF I W5, IS5 s (35). (44).

(48) 55 1y B0 14> (1 i

TR X T RGN = A 3R 72, 20l 4 A E R O8I (f, = 100 MHz. 200
MHz. 300 MHz. 400 MHz) #4707 &, 45 R WK 5 Frox: KT8 FERFE K £LS) (jitter)

PAERRZE, R FAERS B 1 A 4 AN E B SRRE SN (N = 500, 1000+ 2000+ 5000) 72
TR, 48R E 6 fras: T EAME=ARRE, 20 2 M ERFLHE (f,

100 MHz. 200 MHz) T 2 AR FEEIRFE S A (N = 2000 5000) HEATH7 R, 45 7

Fiw.
25 —— 25
—— /=100 MHz —— N=500
——— £=200 MHz ——— N=1000
------------ £=300 MHz e N=2000
ot - f=400 MHz ] 20| -~ N=5000
z |
1 7
K -
O I , , . . |_ =T ._“T_????: 0 “/_/T_, ) —. -_- L L L L L | L
60 62 64 66 68 70 72 74 76 78 80 > 10 15 20 25 3035 40 4550
(08 Ho X N /dB B R R A Fjitter /ps
5 RGP R 6 RHRALREERIRY Gitter) F=E KM%
025
—— /=100 MHz. N=2000
——— fa:100 MHz. N=5000
AAAAAAAAAAAA [=200 MHz, N=2000
02r e £=200 MHz. N=5000 ||

ADCHIBLEL /bits

AR R I R R 2

&7

2 ZEMEEE SR B E I R ZE KN
e 7 2] FHRLAI &% 2 / ps
FG ) Fg 0.37738
B FERFE RS (jitter) 0.070711
AL 0.047 858
SR R 2 0.386 92
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B ESERSH (35). (44). (48) FEIMBIS (AT LLEL, R & 2 8 A R
— 8. SRASNE T2 LT3R — 4S80, @B AT, 5 SAWDDL R4 H i 8y —
AR f, =150 MHz. % Af = 40 MHz. % 7 = 5 us. SNR = 35 dB HIZk R4
155, WXSREER f, = 1 GHz, KRFEALECN 8 bits, FEWRERFEN jitter = 5 ps B, AT LAFR
A [ ) B P00 B4 £ 202 0.38 ps, 3% 2 FIHH T o 3 M s 43 il 5] JGe iy 645 22 (1) K7 o

7T SEEmEi R

N T B e IX R R B TR [ 0 B VR AT RGL M AT S IAE, ESER R ORA T
ANALOG DEVICES 2 a1 AD9910 58 F KAz B S5 AT 75 22 145 Fh A [7] S 30 42 14 R A5
5o AD9910 #&—3K N & 14 bit DAC HEIHTHIE G A (DDS), XAk 1 GSPS [
FEZR, BRBEAERIA 400 MHz BISE N A USRS IR 5236, AT DALE SR filE 5 1 1E
TR ESFRES LT RUE S LRGN RAER MK 8 fir. B FPGA HIk
FEAE AR R RS, B AR AD9910 AE S 56 BT 7 1 A5 B OA [RS8 e MR A S 5 o
FESZEG R, RIS Sl K AN E IR 4R L1 A L2, RN e AL S e SR i ) %,
2 RAEAVE TR E L, TIAS H IR R e IR I [R] 22 (4

Vi

| X
hvj) ROk SE [T JEIBZLL N X
FPGA AD9910[—] 4 el apc [~ psp— M
iy || AR 3R 2

I b

AN

8  SEI ARG A ]

N SN RE IR 2R ) B A FE AR A IR I R — AN A B AS TE, AT X8 A i O —
BRI e K P G AR 2R (AR S A AR B (YR AT T DL, a0l 9 Fiom. b, B AE R 2R K 400
41.5 cm, £ 150 MHz #iZ FgHA7 &, WAL HEE R [A1£)°24 2.0559 ns, FEMATH#ES 1 cm
K P IR 2R A AL S A IR I (] 24900 49.54 pso FESEIGH, ZEIRZE L1 LLAEIRZE L2 Ry, Wiz
Z K EZELZN 9.2 cm, NI, B 2 A (AL AE IR I (] 222492 455 ps.

rESREeH, IS AD9910 A N RS L E 5, 2 AT IS, RS
FARL ARSI HEIR I 18] 22, K25 SR 5 R (35). (44). (48) LA R ZEM LA, AT SAIEX
Tl 14D vk FEENF ) i) B 0 £ 7 v ] S e S S . R T AR SR 1) TRR SRR AR 5, FRAT
W 2 MRS 5 AR A HITE 200 MHz BAR, 233 HCH 045 % 5 100 MHz #1150 MHz [
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@] File Trace/Chan Response Marker/Analysis Stimulus Utility Help = ||5!|5|
Channel 1 Averaging Factor [100 H A
ge
Tr 1_S11 LogM 10.00dB/ 0.00dB W 512 Delay 10.00ns/ 0.00ns
50.00 1: [100.00000) MHz 18914 ns|
2: |150.000000 MHz  |2.0559 ns Averaging
1000 >3: [200.000000 MHz _ [1.9678 ns Restart
, Averaging
30.00 Factor
Averaging
20.00 ON | off
10.00
3
| I PN Sy USRI S N— - VA
000 X x
1 2 Smoothing
-10.00
20.00
IF
-30,00 —— e Bahwith
. P ,‘u’/'\" e i RN Bneane [
AV
-40.00 van
r"\'f
5000 | Ch1Avgl= 100 Favorites
1 >Chl: Start 20.0000 MHz —— Stop 250.000 MHz
Cont  CH1: S12 C 2-Port Avg=100 LCL

K9

0 265 73 BT ASORT SEE A 2 A i S 3R I 1] 0 B 5 R

PEAHAN R ZH 2V E IS 5 BEAT IR, SRIG 45 RANEE 3 From. &, f, N, Af
NAHGE T NWTE fo FURFEIR . LA IR SEMIIE R th 10 RSSIEE 15 B 1 FEA Y
L, SRS AR R A b 22

# 3 RHAANRSHEOLERBUE S TR0 s 56 45 1

ma fo =100 MHz fo = 100 MHz fo = 150 MHz

ZH Af =40 MHz Af =40 MHz Af =40 MHz
IR fo=1GHz f, =2 GHz fo=1GHz
18] 22 T=2us T =25 Uus T=2us T=25us T=2us T=25us
S A{E /ps 452.33 451.98 451.75 451.84 451.67 451.77
SRS FEAE /ps 1.28040 0.72103 0.810 52 0.523 14 0.77562 0.48711
LR KE FEAE /ps 0.930 12 0.58826 0.657 69 0.41596 0.625 65 0.39570
PEMBGAKTN | (450.6452, | (451.4457, | (451.0749, | (451.5588, | (451.0518, | (451.5262,
0.99 1 EAS X [H] 454.0148) | 452.5143) | 452.4251) | 452.1212) | 452.2882) | 452.0138)

HEE 3 WA, I BAE X IEAAAE — N 3CEE X TH] (451.5588, 452.0138), %X I8 & ¥{H
M EEMFEREEN 99% o MSEIS IR FTLAE Y, SR FE B LR RS B2 22 0.1 ps Aids, X
FE T SEBR M E R ADC B R A 50 R 2178 70 B DL R G AL MR R 2 51 S
A5 Rt — D YRR T Xl v R R [R] (R R0 & U7 VA (T SRR S S A, B R DASRIR I R A
IR
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8 4 w

AR ST PR I B (v [ B 00 g v, R P R T B IO AR 2R A D )R] P A B, 7T
PAIRAFHR i I B B o SO VPR AT 1 Z T IR R B AR 4R AR, Tz A 2 @ it 2 Ak
B, HOUE R T RONMRZENTE L. R R ZEEEA, FEMSN T 3 RE MR
uﬂJ W, HHAE THMERZER R (35). (44). (48), LR, HERSHIBME L

A R 1 — 80k, FF & EIR T

T (35) . (44)~ (48) HIHHTRIEN, T HUNERZE, S mil ks, a7 DURECLA
T .

(1) IEFEERFEAZE f,.
2) K Rt A s A NAE S s(t) BAE SO f, 1 SAWDDL #4+.
) K

K REWS (I NLAF 5 s(¢) FAT SRR 98 + ) SAWDDL #34F.

@h%%%%SNR—P<—A,A%#ME 1) SR AR EE T (S SAWDDI, %

s 2) BRBIBk AP HIRER: 3 EB? SAWDDL Hyf WS A 2 P P55 5 AT AT DA
I 1 B AR ML BRI A, RENS (S R ELAS BAR KR i

ERERNR, DR N R R Z R I, RN &R AT e e 3 SR EIRE,
CENZ R TR A 250, R MRIFIE DL BIg b, f7 Ja RS 45 R
BRI VA B N B RE S A B AP (< 1 ps) SRS IR EREFE, 2 —Fhl 4, f2E .
S FH P v A FEE s 8] 8] B it 7V

(
(3
(

3)
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Research on High Precision Time Interval Measurement
Based on Surface Acoustic Wave Dispersive Delay Line

Excitation

BU Zhao-hui'?®, HUANG Pei-cheng'?, ZHU Ren-jie’"2, LI Dong-dong®

(1.Shanghai Astronomical Observatory, Chinese Academy of Sciences, Shanghai 200030, China; 2.
Graduate University of the Chinese Academy of Sciences, Beijing 100039, China; 3. University of Shang-
hai for Science and Technology, Shanghai 200093, China,)

Abstract: High-precision time interval measurement techniques play a significant role in
the economy and the military. The paper deals with a novel high-precision time interval
measurement method up to subpicosecond (< 1 ps) precision. The method utilizes a surface
acoustic wave dispersive delay line as a time interpolator. The time interpolator can have the
form of a time stretcher, so as to get many observations. Thanks to possible averaging, the
overall error can be greatly reduced. The method is based on the fact that a surface acoustic
wave dispersive delay line excited by a short pulse can generate a linear frequency-modulated
signal. By means of cross correlation between the responses to two excitations and then first-
order fitting of the phase-frequency characteristic of the result of cross correlation, the time
interval between the two excitations can be precisely estimated eventually. The paper details
the derivations of the measurement error propagation model and focus on analysis of the
measurement error from three types of main noises, and then provides the specific measures

to reduce the measurement error.

Key words: time interval measurement; time interpolator; SAWDDL ;cross correlation;
fitting; Chirp
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