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LISA X 52 B I B kS M6 cm@0.5 Hz 5%,
42 cm@3 Hz, Bl EE e 75 o0 A e 14 S v 17 1 e s
e 545 2 AW RS B 2 M N27 ecm@10 Hz B
73 em@10 Hz; KA TR ST I EEAS B2 2982.1 em, K
o5 HR T T 2, R BRI S B I PR RS FE A
1.2 m@10 Hz. RETHRI E [R] PR B I & )20 FR An
TR NMEERE < 0.5 m@10 Hz. HAT, REHRIFR
UEEHRS FEFRAR M AN RESE AT S5 T5 5K, TRETIT R IR
B B AL AS I EE A

2R A) 51 BRI A i P B LA I R R 4 3 2
4 AH ¥R (Digital Phase-Locked Loop, DPLL). JEiR4H €
¥X(Delay-Locked Loop, DLLY4 %, 17 22 A 454 -8
AHPAME RS | GEIRBUE MRS . AR RS L OB ECRE
MRS, Hoh, ST R ETH R RE IR B e PR 7 AR
g b FHER, KA K281 m, AN 2 23]
Sl IR FR AR 75 5K . BRI AR SO B R A SR 48t 5 34
Mg 7 [0 SI2 B e R HE R R BEA 43T 5 S50 50 IE.

R IEIRBUE S, T B BCRFERI 2, O B8
HLAS () H #H < B 5 (Auto-Correlation Function, ACF)&>
AR R B B E AH 9% BB B (Discrete Auto-Correlation Func-
tion, DACF). £E/> &7 6 LT, B 1k B A5G o £t B A
KRR, (BAE B IEOL T, BEE SRS
H AR E TR T A, X IR R A b (Sam-
ple-to-Chip Ratio). KA¥ H & Dy Bl HLAS I 8S Fr 56 B 55 06k
5 7 AT RAE R AR R B 2 bl Bk A A R B S
BEALRS A Y . SRAELL A AR 73 I [ 556 O, Hor R AE
LU A2 R ZE IR A 58 P Z G0 P (1) 32 B 3R

Cheng NI 53 Mt A 07 S8 5% e BR R I Hig
H, SRR LY BRI, RGURE B2 2 PR TR R, 4
i 3F %5 2 K FE(Non-Commensurate Sampling, NCS)IHE
o A NV T — R T NCSEAR 1 2R Bl e 2
o i T i, AT NU7IZ5 T NCSEAR I — R B
VAL %, %07 R4 T IR E R B RS B HIE A
fif. YangZe NU'SIHE S T 243 b — B DR BEALAD ROAD F
i A SRR U A TR (A 2 SUIRAS T BB HE A DS ER
Bf, FEYEMLRR > BT KA X B HCE A DG BRI 5,
S5 T ORFE S AAR OGS A BE A £ . (HIZES B E
AH G R R BEANIE T AR L Ao AR 43 ) 1) 1R 47
BT 4R /I8 PR S AR 1O, -t AR B B 5 1 A O BRI T e
SR T BB A DG R BOE B by A o R D AL
B R — B A5 (B R A AT KA R, X =38 2 A AL B R R TR

FE/D WA SHOATHOA. Yang® NS 5347 ot
Horp—Bg DU BEH LA 55 R BT 1, SCBL 1 s
TRACAT S FR) R AR G BR U SR A

ARSI A T Oy B HTLAT 5 155 B A 5% R ) — o
ZH, 2 NI EBUE P PR K T 5 R EEEL 2 1] 1Y
EERAR. ZEEMRRE T TEEHES, N
R R HIE T RAE O Dy BE LS A R L. AR S08
SRR SR IR g S P S i s 2 AT 2 Vi
IEHatE. ASOGETF R 1 A s DL ERER, FRH
MSTHSIER T RIGAE 1 SEIR M E AR — Bk, e
KWL, B R M AR5 R 5 vk 1 D B P AT
1.5 mm@10 Hz, i & 23 [8] 51 13 BRI N 755K

2 ABEHAERI SR B X R

T REGE T, KR AN EES, BE LN
Ty B8 B2 T 5 SR A A A T L AE :
Nr = Tj = Q» (1)
Hrh PS5Oy TL5 ) IR 54

— OB PS5 5 A B HOE 5 N

P(t—7)= Y a,S(t—ml,~1), )

Ps(n’ ‘[) = P(t_ t)‘t:l’ﬂ; = au(mr)’ (3)

Hrba, &P A BEN LS B 55, a,€{—1.1}. S()=
FIUAT HIFETE R AL, nie RFE R 2m S, o2 DhBENLED
AR TRJSE R .

FE XA 8] B8 B u(n,0) Fv(n,T), ‘BEATT 2 HE X
B2/
nT,=u(n,t)T,+v(n,7)+7. @)

K(4)FRIE VB S S 5 Fan KR AR [A]
BRI BEnTIEAE T Fuln,r)/ MY R JEE A, HERE
R Su(n,n) T, + fEEE Nv(ng). (4
u(n, o) Fv(n,t) B RFRIE W

nl,—t
wn ) == (%)
v(n,t) = modTv{nT’S* 7}. (6)
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SN
Pl(nafl) = au(n,‘[l)’ (7)
Pp(n,7;— A7) = A y(n, 1Ay (8)

Horpo il s iR &, Ach RS p X F O A 4E
IBE. ST BHUE AR e BT AR IR

IR T A AN, % FofNIAT,
Feael— MRS AR, B LR, 3

o, FIIX A

Ry p(51:00) = 7, (10)

GO — DR %A OEN, TR

PNp—1
R[»P(T[’AT) - P—]\]P Z au(n,r[)au(n,rfAr)s (9) X‘—‘l-a:”zﬁ
n=0
J
| PN,-1 PN,~1
R[,P(Tl’ AT) = p—N'P z au(n,q)a u(n,7y) + Z au(n,z,)a u(n,7p)+1|> (1 1)
n=0 n=0
(At,7)€ES) (Ar,p)es,
>N EF‘,
v(n,0) <7, <T, 0<t
So=1(A1,7) [{AT<0 U{AT<0
5, —At<T,+v(n,0) |7,—Ar<v(n,0)
(12)
7, <T, 0<7<v(n,0)
S/ =1(Ar,z) | {Ar> T, UjAT>-T,
7, —At>T,+v(n,0) 7, — At > v(n,0)
SHFIIX AT
. PN,-1 PN,-1
R[,P(TI’ AT) = P—]VP Z au(n,rl)au(n,rj) + Z au(n,rj)a u(n,)— 1| (13)
n=0 n=0
(Ar,7) €S, (Azr,7) €S
o,
;<T, 0<7<v(n,0)
So=1(A7,7) [1AT>0 UjAz>0
= At>v(n,0) |1,—Ar>-T,+v(n,0)
(14)
v(n,0) <7, <T, |20
Si= 1A, [{AT<T, UlAr<T,

7, — At < v(n,0) 7, — At <—T,+v(n,0)
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1 PNp—l PNp—l
PN, Z au(n,zl)au(n,zl) + z au(n,tl)a u(n,g)+1l> Tc SAT<0,
Pl a0 n=0
(Ar,rl)eSol (Ar,rI)ESl'
R, »(7;,A7) = 15
@A - (15)
PNP Z au(n,rl)au(n,rl) + z au(n,rl)au(n,q)—l > 0<Az< Tc’
n=0 n=0
(Ar, ) €S, (Ar,7) €S
1
o i
Filith, e, = O,
| PNp*l PNp*l
PN, Y G0yt 2 Gunodumotp —L<AT<O0,
n=0 n=0
Ar>—v(n,0) Ar<—v(n,0)
Ry p(0,A7) = | PN,-1 PN, -1 (16)
PN, > Ay, 0)% u(n,0) T > im0 @unoy-1|» 0 <AT<T,
n=0 n=0
Ae<T,~v(n,0) Ae=T,~v(n,0)
1
Loy
e,

Ferb, A 8] B8 Bl (n, o) v (n, ) R 5E LI E(5)A(6).

5E XUy = SouSy, U, = $1USy", WU U, HI43Ai F
WE2 AR,

B E A OE R BR, p(ep AT TE—T, < 7 < TN IFEUE
FL%Z S v (n,0)F0 7= A2 O BEHLASAS 5 00 15 7 Fla,,
W, TR — M58 Ar, H5 PNpASSRFII, v(n,0) R
SE T 95 nRAIIZ: 5 R FTE R, a, € 7 %00
BN v(n,0) ) BUE T B & {0,T./P,2T /P, -,
(P—1)T/P}, "EAEE EAERIFE /A, X T A AN A
Az, WP Z G v(n,0) AT AT BUE 55X, B4

Ayr -T, 0 vt ar
2% ¥ 2

B 1 (&R Ao IX

Figure 1 (Color online) Partition of Az.
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Bl 2 (MZEREE) UlsU T
Figure 2 (Color online) Distribution of U, and U,.
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Bl E ) SE I B SR AEBUE oL I B R E, ik

3

Pprl Pprl
2 Q@ T Z
n=0
1
N 1 Ar+2 - T1]ESO Ar+ T, TI]
R(z,,A7) =
1>
PNp N, 1 N,
- Z Butn, e @ uin,z) Z
1 1
Ar— ZTCTI ESO A‘[*ZTCT]

Hru(n,o), v(nr), So, S, So IS HIE X IWF(5), (6),
(12)F1(14).

R 2 RAURIFE R R B AL, 7E-T/2 <t < T2
TR, ERYERR. BEANHIRETE BN T PR
£, BATE IS LA RS A, 5 15 R 22 pR BP0 A B
1T BB B8 FE SN T/ PRIS, LR T/PJ2 SE IR 8 e ¥
Eﬁ?%éﬁﬁﬁfﬁﬂtﬁﬁﬂaﬁd‘ﬁ?ﬁﬁ.

AT FEF S AN SZIG 36 F, W Kk B o8192/255.
KAERFIE 910 ns,  BEATFR IS 25 H IR b [) 25 20 R 24
80.04 ns, XTI EE 73 #F% 91,2 em.

4 SCRRIE
(1) THEIRAE
XF A (16) A4 E T U e THE A (16) 5 K

THERO)RS R BN F—HASHORHE MRS R,
L5 9 3 1) 2 1 B T B0 R AT 20 e R 5 —
TR S LR TR S EG T R s,
MFPEEARDRTRE, RAAERRNEE
SCOHRENLID A1, FERIISHCT, K AR Hh
B W52 J91/408 ns, ZAE RN 2 Oy BEHLAS 7 1 J4 19140
Dy BEHLRLAD B8 15 0 4. B34 T BB 5 5 05 5ot
SR ELEE R, TIPSR G R A, S8 BRI EE EE
xR (16) 5 ROV ERUETHFEREEE A ARSE. [FIRE, Py
SR BB B8 B35 550.04 ns, T2 BB TS HH (I

s

(15)55(16) ffr 4t (1 Dy i B A 5 bR JAE O i AR A LT,
% FEIR 72 PREL:

1 1
Tc ETL

R(z;,At) =R,,P[11,Ar+7

—R,,P[T,,Az— } (17)

WRERBAE-T.2 < © < T2NIIEHT

A u(n, 1)) Y u(n, 7)1

, (18)
au(n,r])a u(n,ty)+1
[
F 1 HPME NS5
Table 1 Parameters for calculation
RGSH WA
PhBENLID G R XUem 7 51 AL
BB HLAD B 2 10
P BEALED JE 3D 764N 4 1023
DB GE 5 5% Sy =504 4 1
PREZIES 100 MHz
Py FEHLID G 2 3.113 MHz
SREELL 8192/255
B 3R
(2) ZEIR A E A5 I A Gk
SIS TR FH 1S58 7 R B4 Fos. 7ERREUR

AR AE IR B E S KB R, FPGA (Field Programma-
ble Gate Array)JT &M 1530 4 B % OB PRN1
PRN2, HHPRN2EDACHA NEIMES GHit, &
AL S AH 2% 6 AH L8 5B 4 N ADCHE R E 715
5, 5 PRN 1A g Al o SRR i 55 HH D5 BE. FPGA
PR3 PR AN BT B, A D B ATLRS AR s 1 4 Dy Bl L
A B B R 2N, A B R R A O BENLAS (S 55 Dbl
MLAG A B 2% 205 5 I B DR 5, {1 F 2 4R A2 il F2 1
KA TG IS S 5. FEDER G A b, W A Xt
LT HRFIGEAT M, ERINSET, RAEEH
Pt N (8] 090.08 s, X N J912.5 Hz; 10 AE 38 8 7E
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Figure 3 (Color online) Comparison between numerical calculation and simulation calculation. (a) Overall view, (b) detailed view.

...........

.........................................

ST A S e =
: r}mmiﬁmw \ 7 ni 17N
’ : |
i“ PRN2 - | |
UM T2 T | |
o N
FRFHES ||
RRREE : )\

B 4 (MZ RO RN TR BUE M 1525077 S8R I8

FPGAFF R AR

Figure 4 (Color online) Schematic diagram of the experimental DLL scheme.
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Figure 5 (Color online) Influence of truncated data on DACF. (a) Overall view, (b) detailed view.
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Figure 6 (Color online) Effect of downsampling averaging on the ranging uncertainty. (a) Statistical distribution of the output data at a 2.5 kHz
refresh rate for a specific time delay, (b) variation of the uncertainty with the number of downsampling averaging cycles.
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Figure 7 (Color online) Results of the DLL system experiment. (a) Differential value of data of the two systems, (b) time delay error of the DLL
system at a refresh rate of 10 Hz.
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In the TianQin space-based gravitational wave detection mission, pseudo-random noise (PRN) code ranging technology
promises to achieve inter-satellite laser ranging without compromising the scientific mission of gravitational wave
detection. To realize sub-meter inter-satellite distance measurement, research on high-precision PRN ranging technology
is essential. The auto-correlation function of the PRN code serves as the key parameter for this ranging technique. In
digital systems, the specific form of the discrete auto-correlation function (DACF) of a PRN code is influenced by the
discrete sampling. This work presents a two-parameter solution for the DACF of a PRN code. Analysis shows that the
PRN ranging accuracy is jointly affected by parameters of both the sample-to-chip ratio and the sampling period. Further
numerical calculations and experimental tests validate the correctness of this two-parameter solution for the DACF.
Numerical results confirm consistency with the definition, while experiments demonstrate that ranging accuracy based on
non-commensurate sampling is better than 1.5 mm@10 Hz, meeting the application requirements of the TianQin space-
based gravitational wave detection mission.

space-based gravitational wave detection, discrete auto-correlation function of pseudo-random noise code, digital
system, non-commensurate sampling
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