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B MRS B ARSI E T RS ERIRTE. %
SCRAKRM TR 5, T DB LAY (Pseudo-Ran-
dom Noise, PRN)RRIRBEARAL A6, 5odk 2 A 4
XF R B I R AL, A3 AT U B N R 52 PR A
F. NMHBEBEHFA A (Direct Digital Synthes-
izer, DDS) SN ETWAE T, BT I HRIET]
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J ELER I 28 TS A5 5 AT H (1) g

P (t) = \/ PLPRY - sin (wheit + A) +n(t) (1)
Ny FIRIN R, Py M PL 3l I i I
TR AT H D ZEAA MO HOCIIE . n(t) Rk
W 25w L v A HICRE R 75 o cone AR ERI AN £A 4b
ZEMER, 1F2~20 MHzERI NP, A¢RHA5IE 51
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A = Psei + M mod Z ps(t—nT.—71) (2)
T oo TS RBE A5 NGRS A A7 e 75 (AR AL, [X
AT EE R PRNIGAHAL . mmoq T8 F T EELR
T AR ) RE, R DD P 51 R S B0
FR& IR 3E o p (t) 3R 7~ R 5 S 0% U il T PRN
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RAB T /16 ~ 0.2 rad, S48 RL I 1 BT o5 2 &
£91%.
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FIFE IR 72 34 (Delay-Locked Loop, DLL)Z4 %
3.1.1 HFHRIFRE

BRI 51 BRI AR A B R G A 0 4

0.08

0.06

0.04

W S

0.02

0 0.2 0.4 0.6
IR (rad)

Bl 2 VR B2 S A ) D o R R

1.0
“

0.5

0

SlEE

5

1

-0.5

-1.0

220 240 260 280 300 320
—— ARRrEHIEE
—— PRN
KA R
Bl 3 ABALIE 0.4 rad FERIB 5]



1828 B 7 5 F

2 %

AT %

F0ol, B AR A (KIEJE S (Low-Pass Filter,
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IR RS B, 3K 1S X ) T A STk A Al SRR
B Lz —.

FREF IR B K AT — B 50 5 — B A B PRN
fith, 43 R AR G 1 /2408 Ao TR A 22 il i
BRI 28 5 19 R B 55 . FREFIAERIMPRN
HihEA W, B3 RBHE SRR E. Kk
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R 1 AR SHIREIRIE T (E

el o2 AR M L
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FIPRNAG 204 JE 7E80 MHz 4 % _F 140 prad/Hz'/?
BRI P, X NI T W6 (a) . IR AZR
PRN G 5 5 75 HORL e 75, WCRIORE e 7 2 D
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A B AL R A R, Bl R MK T
15 kbps. HTHINFEAM, IR T
PE 7 2 SR [ OV RS AIE A

Uk /b is B A AR DL K AE T REAE S, fEPRN
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9 Hod g i et s
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) rp R 2 X R e R R 22, E L TR . X
HRH QB SR AR RIS 22 (A5 1E AT DASE b THI A4 J b 3
AT, EWARIFIIC. a1 E B MDPLL
fi H mP ek 2 A b P RN S 363 1IE 12 7 58 0t W PR R 5
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3.24 MANKE

XF T DLLE A F T sRAH AR AR 23 B 2% (In-
tegrate and Dump), AR KEEZA ISR, R
SR PERFES R B R . PRNAG A K
1024, 2B /40 1/265K DLR A0 K 3047 4
KIBH, M BEMAKREMEL2PTR, B34
(EXSNER EPSES 53/

PRNAGA I K [ A 52 I PR N 5 41 F) 528 %
Xt T ETHIME 54, PRNFSAR 2K B i K BB 88
K1 024, S5 REEEE AL, SR
PRNFHIl {5 3 R 761.22~19.53 kHz. 7£i%CHI
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4.1 BHRE

BT A ZE A B K T EI20 MHZY, HR4E 5=
EWF e, NBRE SRS, DPLLICRAMIR
FLKT40 MHz. Z3XM EWDLLSDPLLK H A F
180 MHZRAEIR, fRAE T BRI 73 32

1 1 AT SRR I B R I — R 8, 30
I AR T NPRNTS ) R 5, i 3 St
FERG [F 20 . N PRNAYS FE DL %% 22 i i i
DPLL, Pyt 21 KT DPLLA % (200 kHz),
{HARANRE KT A A

CEETERE, AN A SN AR IETES MHz
KA, BB CRFER W B N80 MHz, X PRN ) ZE
IR N3.75 m. VIS EEE1024, R
X 64 BB 3, 6 SR RS R £ 1.25 MHz.
PRN 7 51 ) — AN A K P8 e 7 (1 00 26 A5 880 55 &4
245.76 km. R %%5(Deep Space Network, DSN)
AFLASR L4025 km (W47 B 7 HER W, Rk, 1%
BRI A5 6 77 SR 1
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FHIRAE

=500 0 5
DT SESR

—o— il dk
—— Tl (A HE R

(b) A5 [E) LT Py i AR SR

P 10 () 5 4 D i IR 15 o 31 1 2 P R 4 5
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4.2 BMDLLIRERFEEIGIE

EAL T DPLLAF RSN T, KR IPRNIG
HE ANDLLE T RERES, 30 UEDLLER ER 3 B% 1)
TEEYERE, 157 EAEE W E 13N i oA A il i
P 1 s 1k (1) % 3B I b HOR AR AL P R NG (1) 4% i i
B R4 B ER R IR B 1 R I 5 A2 R ) i 1)
FEIR IS pp A AR B, 5 — AN SR R R
FHAR, 133 E R L RERE B . IERAS FE HDLL
S A5AE T 3R LAIS 7 AR 22 (B (Root Mean Square Error,
RMSE)% .

W B BRI 7 ON0 prad/Hz'/?, &6 H A 14
U 2%, R B S A PRNAS A . 455 A
Ko ekt i, EDLLARRRIE N1 MRS 2%,
51N o 0 LA B A A A ) P RN RS 3 47 1
g5, B4 NHE JG T B 2N AR 4 2R BE AN PRNAS
By, ATV B 2 2 0 5 PR NG £ 5 48
tho FRES U T IEIE CICTE S &5 N RAES4.768 Hz
(3~10 Hz).
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R %

] R %L
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TFHECIC N XA R i5E 5 MRMSE(E, Xtk
DUEE RS BE W27 o AH RS B gt , IR
RECH AN 8 () BREFRE B2 B AR T 1N 38 1)
T %, B T BRI X DLLIN PR RS FE 1 500 o

ANE BB, EAAEAMPRNAGR,
HE TR A, RS RNRIFTIR. 715
A PRNI 15 H () I FE RS BE LE e AR HEPRINAS T4
2R %2, MTERERIR 2 AT 2 AWPRN )G JLF-
B BT ] R PR BE RS B . Rk, 11 fiefe
JHEH F R RGEDLLIG I BEARS JE

FEAEAE SR S A A B PRNAS S 0L R, [
I B O L L it T vk, R4 45 T R 3 b
W 7 AN [F) 2H A J5 3R A5 0O BE A TS o

FeArR I RS B ARAK 0. 1m,  [RIE, X
MPIDLLER B3R UL, (EAF/EARHIPRNAY & 31 |
e HE gm i RTHORL R 75 LR, 15 R R g R 2
AR SR . W R A% 28 il = eIk,
WIENAFTR . TEAF7E R gt H 20 8 A [R5

I EEE G —
IPRN Random j
T 35 IOk g

INEE A
AHPRN | UnltI;olar Intergrate ] Intergrate
Bipolar and Dump and Dump
Umtpolar Intergrate 4] Intergrate
o and Dump and Dump
Bipolar
PP U el B4l o2 % ++
BB | ¢ + 32 o
PRN el Bif
L B
= + |« Z
HRER |«
—| PRN - 32 C‘I'C T
o
(LN TR workspace
FUTPRNAE A% BREREE R

P 13 DLLER BRI B EE 14 RE 07 FOAE

% 2 TREBEERTFAYDLLYIER B (m)

% 3 FEAMPRNED A EBKIE A T Xt S A DLLIMEEAS B (m)

R # 7 (kbps) a8 N

DN BRORS FZ

1053 ) 00634 (iﬁlﬁjﬁ) TAMPRN  HAMPRN i FEAMPRN
19.53 2 0.0196 0 1.1005x10° 0.3231 2.3550x10°
39.06 1 0.1408 20 0.0323 0.3326 0.0327
39.06 2 0.0769 30 0.0359 0.3390 0.0359
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2 %

AT %

% 4 BRDLLEFFIER FAOMIERE (m)

kit A PRNAY BRI (kbpe)
(nwrad/Hz"/?) N 0 19.53  39.06
0 * 1.1005%10°  0.0196  0.0350
0 o) 2.3550x10°  0.0722  0.0769
20 x 0.0323 0.0516  0.0502
20 # 0.0327 0.0834  0.0834
30 x 0.0359 0.0536  0.0509
30 e 0.0359 0.0821  0.0848

MEEREE (m)

C I
[ ECp 211 Sk o

14 DLLEREFIABRAEAS [R5 000 Ao 0 PRS2

BN, BEECRIE S R, St bt 55 ks 2 (Al
i AR AL L TR R 2 e AR TN
RIAEAERCHE Gmb i, D a) AR A A2 5 e S 1
BRI Z . EBORIME S A [FI LR, MIPERS FE B
2 B HAE g A 1 PR 1
4.3 DPLL##VHEDLLIRERLE

A H1.25 MHz[1) PRNS SAHALATITE6 MHz
g 5 b, #8E 5% ADPLL, DPLLHIHAE
SE5 () FMIELTR, SA441EPRNES
[F X LRI, H DA A AH A AR B RS JE 2 IR
Mk, BB T B AR B X AZEDPLLXS
B RS P RN A (1) Jok yofr e B2 45 1 R B, K s S
ZEDLLIAEE H B D R AH IS 1%

0 1 2 3
A (107 8)
(a) FEOWAD I 2 B A L

—— DPLL#i
— Ay EG

B S I Fh O B L, BB I P RN ) AH AL
BARATR sl nT 03 o S 0 P B AR SRR R AR S
Pt Hae I gmts N IR 2, W 240 Wik g
i, 4B/5B 4wth. 8B/10B4ih %%, i@ id g hidfd
OFNIELEARIT, /D LA [F] . o B A 7y
Sl E RN R R B, H H ik — A0 o s
R A, ARUE T RS T A — AN kAR
IENTE,  BEMS B R PR Hh ARG 2 B o 4 s 1)
DPLL# H a0 B 15 (b) A i 28 s o

X 4 F S R B SGE S LT 2 BT
DPLL#i 50 000 M A7/ 5 &G, S5)5EPRN
AT AR — LA SCE . SRRt 2 1 1
FHRAEL145975, AT SWHTRRAD 5 FIA SAE LN
47888, [, ZWIHTREgm IS BE K T DPLL W H
PRNS SR . X B 0] DUE H#K DPLL) H
BT sEl, SEWEMIRE. Hit, DPLL
iy A5 5 3k ADLLI % SR 3T AL,

SR RIS IR S T ONRD R B, EAU 2
SHPRNAG W E AT, Hk, JEHE 2.5 MHz
PRt AT (5 S5

B DDSA AR Z S S, AT dH
FRHUSE AL IE FFPGABA T4 BS2 B, B8R I PR A%
R TAEMERE, (7 BB AGEE B 16FT~. 2400
B GRA J 0 — N R ek 324 I AR, PR
Frngg i DUAH AL A5 T 20 R ITEDDSH A 5 L.

HDDSH6 MHzIIAM2EES, #ECIC T X
FEEF N3 Hz, SHMIADPLLAR R & FIPRNAY
ADLL# 3R, TEAMPRNE Ny B mMEE, 774
A HB PRN A A W B o AN [R5 450 00 B
FoPTR. Firb, B0 bl N IR M 7 ) AR A 1
53 3IR80 prad/Hz'?, 40 prad/Hz'/?, 20 prad/Hz!/.

O RS AR AL PR R FEN0.4 rad MRS, B ml
PR ) 2R 38 7 AR ZZAERMSE 2143 cm. B
I 0 B [R) B) AL 419 kbps 139 kbps EHE B X S il
EERMSEZZ185 cn#120 cm . X)X g3

R
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ilid
Fillns
<

i

I

0 1 2 3
A JE] (107 s)
(b) S ADHARR 2 I J AR R LA 0L

B 15 S i AT fE DPLLA H PRN ) 2k ELS
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P2 B rg X Myyon ( ey ey 1E5% \I i /\/\/
2.50 MHz [T | | {‘? : 28 ) o i *ﬁ{\fj_ —'——P‘ DPLL
PR I | * TRE | 14 bit
i | TS : e
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Abstract:

Objective Inter-satellite laser interferometry for space gravitational wave detection is constrained by orbital
dynamics and other perturbations, which cause continuous variations in inter-satellite distances. Therefore,
laser frequency noise becomes the dominant noise source in the inter-satellite interferometry system. To
suppress this noise, the Time Delay Interferometry (TDI) algorithm is applied during data post-processing,
where a virtual equal-arm interferometer is synthesized by shifting and combining data streams. However,
accurate TDI combinations depend on precise knowledge of absolute inter-satellite distances at the picometer
level. Any deviation in these measurements may propagate into errors in the final processed data. To address
this issue, an inter-satellite ranging scheme based on Pseudo-Random Noise (PRN) is proposed. This method
enables both inter-satellite ranging and data communication, providing theoretical support for autonomous
satellite navigation as well as inter-satellite ranging and communication in space-based gravitational wave
missions.

Methods To reduce power consumption and spacecraft mass, the inter-satellite ranging task is implemented
using existing laser links for scientific measurement. Only a small fraction of the available power is allocated to
the ranging subsystem to avoid degrading the phase stability of science measurements. A low-depth Binary
Phase-Shift Keying (BPSK) modulation scheme based on PRN is proposed to enable laser ranging and data
communication as auxiliary functions of the high-precision inter-satellite interferometry system. The ranging
system architecture incorporates a Digital Phase-Locked Loop (DPLL) for carrier synchronization and a Delay-
Locked Loop (DLL) for PRN code synchronization. Theoretical limitations of ranging accuracy are
systematically analyzed, including contributions from shot noise, integration time, inter-code interference,
optical data bit encoding, and the impulse response of the DPLL. These analyses guide improvements in both
the DPLL and DLL designs. A Direct Digital Synthesizer (DDS) is used to generate the heterodyne signal.
Simulation verification of unidirectional ranging, bidirectional ranging and inter-satellite data communication is
performed on a Field Programmable Gate Array (FPGA) platform.

Results and Discussions The simulation results (Table 2, Table 3) demonstrate that the optimization methods
proposed in (Fig.9, Fig.11) effectively reduce the effects of data encoding and inter-code interference on the
ranging accuracy of the delay-locked tracking loop, respectively. As shown in (Table 4), in a single delay-locked
tracking loop, the dominant factor limiting ranging accuracy is data bit encoding for optical communication
when the local PRN code is absent; otherwise, shot noise becomes the primary source of error. (Fig.16)
illustrates the distortion of the PRN code caused by the phasemeter pulse response, and shows that Manchester
encoding significantly mitigates this distortion. The final simulation results after applying all optimization
techniques are summarized in (Table 5). With a modulation depth of approximately 0.4 rad, corresponding to
an equivalent optical power of less than 4%, the Root Mean Square (RMS) errors for both unidirectional and
bidirectional ranging are approximately 3 cm at a measurement rate of 3 Hz with an 80 MHz sampling
frequency. For unidirectional ranging with data streams encoded at 19 kbps and 39 kbps, the corresponding
RMS ranging errors are approximately 5 cm and 20 cm, respectively. Bidirectional ranging supports data
transmission only at 19 kbps, yielding an RMS error of approximately 6 cm. When the phase modulation depth
is reduced to 0.2 rad (corresponding to an equivalent optical power below 1%), the RMS ranging error is

approximately 6 cm; if 19 kbps data are transmitted simultaneously, the RMS error increases to approximately
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12 cm. These simulation results confirm that sub-meter absolute distance resolution is achievable under all
tested conditions.

Conclusions Based on the Taiji plan, an absolute distance measurement scheme utilizing low-depth phase
modulation of PRN codes is proposed. A receiver model based on a DPLL and a DLL is established. The
limiting factors affecting inter-satellite ranging accuracy are analyzed, leading to improvements in the ranging
model. The simulation results, following comprehensive optimizations, show that the primary limiting factors of
ranging accuracy are unavoidable shot noise and the encoding of data bits for optical communication. At a
clock sampling rate of 80 MHz, with a PRN code phase modulation depth of 0.4 rad, the bidirectional ranging
RMS error is approximately 6 cm when communication data is encoded at 19 kbps. When the modulation
depth is reduced to 0.2 rad, the RMS error increases to approximately 12 cm while transmitting 19 kbps data
concurrently. These simulation results demonstrate a clear improvement over meter-level accuracy, and the
ranging model offers valuable insights for space gravitational wave detection and satellite autonomous
navigation. Given the complexity of clock synchronization, it is assumed in this study that the clocks of the
transmitter and receiver are fully synchronized. Further research will address clock synchronization issues, and
electrical and optical experiments will be conducted to assess the performance of the proposed architecture in
future work.

Key words: Space gravitational wave detection; Inter-satellite ranging; Pseudo-code ranging
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