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Fig. 1 Schematic diagram of inter-satellite laser interference in the Taiji Program

1106001-2



£52% 5§ 11 H1/2025 £ 6 B/ EH*:

HEXE-FRIEX

A SO 2R O & S A v AL T S T 4 AT
TR 2 300 J7 km & 5 11 K A9 pW RIS 5, IR
H5ARMWHEOCHAT T . ZJa AT B s AT
KA FAL B
22 FHIEEET

TR0 R B B A Bl 2R 4 TR) IS XA A S e
15 5 A Bh Bt AILAS 2E 47 08 1 EE 2 5 BOEOL 30 BE
W AT AR, 8 T X E T E S A S KRN,
Fik 410 S e B 20 T %) R A R N A A A S 0 o
BE o HEAT A . BLEE G RS T BT Y
AR, R FH AR AL B (BPSK) I ) 7 %, 5 Weil Y
Fhy Bt ML A 5 f ' 18 1 4 R ) AOG 2R BE B b R S A
AT A A 5 5 O BE B IR A RO B T, A9 20 8k
WG B 7 R R

P(1)=
cos |:27Cﬁ[ + 2 cnp( t— /eTc) + My cos(anmzﬁ}

(1)
A fL FE R AR AR D3 5, B DR B LA 9 R
BE e, RN BENLED ;5 p (¢ — BT, ) F R ik o BR BT 5 m 0 N
B e 68 75 00 0 AR E 5 £, o RIS A R L o T AR SO
FIF 58 68 42 2 — S T 0% 355 8 0 T R 7 DR UM 5 B £
it 8 10 45 5 249 ., cos[ 2nfunt @ (2) | Horh g (2)
LT 40 B8 (ADC) SR B 305 i 1 i A £z
PR A B T ) R EE N T R A g 3
R L2 2K % 0 1 S 1 301 £ 5 TR DL 9 4R bR L
JEEJF 7T LLAS 5

P,= cos{anct—O— My, 2 cn p(t,— RT.) + my, cos[anml[—O— Zlgbl(t)]}:

b=—oco

2 J,,(muso)co{%’cﬁt%— My 2

h=—co

(‘nlp(tl - kTC>+ nll¢1<[)+ n'ZT[fml[}%

2 J.( mum)cos[Znﬁz‘,—O— My 2 cap(ty—kT)+nlip(t)+n -27rf;nlt} (2)
m\}jl%

T, () FETR 5B — 25 m B DUSE IR BRH 5 £ S A AT R 25 04 A5 AT R B85 ) (1) 3270 S b FB AR 4R 155 4 1 g A 7 e

P o [ BHAT A WA U o i B OL (R 5

P,= Cos{ersz"-i— My 2 cop(ty— kT.)+ my, Cos[anmzt’+ 129//2(1’)]}:

k=—co

] oo
2 J,z(mm)co{&rf;z’—l— My 2
n=—1 b

h=—0c0

z J,z( 7}”lu50)COS|:27tﬁ[/+ Mpm 2 CnZP(i2 - kTC) + 7’llz¢2( Z’) o Zﬂfmﬂ‘,:'%

cop(t,— kT + nlyg(t') 4+ n- anmzz’} (3)

S 2,y RO 5 28 0 090 R s 2o
S AN 5 g ) 907% EB B0 5 20 0 I 0 A0 3
ARSI SR, TR 27 A RTE 3 A %
W RRE 5SRO (55 1P £ = ar B, ML =
[ St e o TR R 8

WSRO T 0I5 , 2 W W 6K, 52 15 5041150
55 £y

P, ocIi(m,,)cos |:27rf;(1 —a)t+

n,lpm Z Crllp(tl 7 kT() + n,lpm Z Can(aZZ - kT():'

(4)

T WA B A7 5 A AL 5 3 i e TR 4% H

LA Dl BB T ) 30 135 156, DRIk, A 42 i mT ) £y

BE DL Y AR O ) 2 3% o 2k 00 15 B 2R AT ] 25
:IJ:/‘\EEQO

WPANBR L IAAE 5N
P, ¢ 3i(my)cos{ 2x] (1= a)+ fus — afoe 1+

Zl¢1<z)__12¢z(at)} (5)
Pd,,ocJ?(ml,m)cos{Zn[fC(l —a)— fu+ afmz}t*
Lpi(0)+ Lgofat)) (6)

ATUAE S bR (55 322 i A5 405 (0 s 4 g8 75 4
B, 31 0 1 (2 B e M 7 R TR B e, RO RE T 34
HR R A I S A B AR, o I (B e g 32
5 HH S Z B O BE LD E R R R, 2SO B
ML 3 1 % B 2k Bt AT i 2 B B e R L IR Ik
T R /N 0 Oh Bt IR 8 1 R BE DA A X B A e e
3 P= A= AR o AR SCR B9 2 2% JEfE R 80k 10 MHz,
P LA M vty 5 38 vt o0 AR 2 2.4 GHz 5 2.401 GHz,
FEAH) E R A 288 1 MHz, 5 R 2B A R
240, FHA7 R RERF 4 > 80 MHz,,

iz WK A 1T ) 0 B3R, S T R A R AS 1) 51 )

1106001-3



HEXE-MRIEX

52 % 5 11 #1/2025 &£ 6 A/ EE ¥

PR MAE 5 FBPETI AL 2 1 5k B AR 2 e 75, 2070 /Y
ARG T EROCI RN+ 02— X Tl
I 2R g8 b RO Dy G R RE R R AN 106
A 2R I RURR P it 3] ) 75 i L ok o 98 A - 03 L
[—1,1], S a8 5 5 o 100 i, i X 7 i 90 i 38 2
0.1 rad, X 2 TEHOLEYE_EX R4z —0.1 rad 5 0.1 rad
R AL 7 o AR BE 37 T g AR T 51 (FPGA) B8 3
PR, SR I SURR A B 9 1 75 32 10, 75 28 AL LU R A6 5
PEAT S . RIS AR O EE B P, X O EEAT R
R ] A RE i — AL LU RR ] o Oy T S B S
T VR ] A AS T 5 SR S A A 45 ) O 58 kAT DA B
BUAS I ] o B, OE 2 R 100 1 BE 1% B A Ak
P 8 98 1 R B 0.2 rad , 75 O D E 224205 0.2
rad F9ARAOL I F% o A 588 X8 WO S 6 [ i 2 47 4% 43
I 4 45 5 R0 A5 O BE LRSI 10, 151 2 25 1 T OB T %
R ORI B R AR

HI 2 7T LAA SO P31 500 X 1 8 30 1
il R EE m o 29 0.45 rad , OG89 106 X310 £k Bl B A
I T E e 4 0.2 rad o 3K 2 W6 2 R 3R 5K Y B
(@) mpm=0.2 rad  Muso=0.45 rad

pulse modulated signal FFT with phase modulaton

100

n
X 2x107
80 ¥:80.82

60

40 1

20

Magnitude /dB

0

=201

-40

-60 —
10 12 14 16 18 20 22 24 26 28 30

Frequency /(10" Hz)

0.40

| = Ji(m)
0.55 + power with modulation

0.30
025}
0.20f e

Amplitude

0.15

0.10F (045,005
0.05 =

<200y

0// ik L L .
0.1 0.2 0.3 0.4 0.5 0.6

Modulation depth /rad
K2 BobsR 5 IREHE R C R

Fig. 2 Relationship between laser power and modulation depth
v BR B BEOR . FEE BRI O T RS HAR T
AR LA e D REVE 5 TR Rl 8 1 R B EAT R R LA
S T I e g 7 A 328 M T A D RE TR AP . ] 3 R B S B
RUR ST 20 MHz #4085 5 9 550 k0 57, H
£ BE AL AT I8 T TR 1 2 S 0.2 rad , A 451 B B 3] 1 O 2
5390 0.45 rad (Z2 B #10.1 rad (£7181) .

(b) mpm=0.2 rad  Muso=0.1 rad
pulse modulated signal FFT with phase modulaton

100

[
X: 2107
80 ¥:90.24

60 1

X:2.001x107
¥: 4381

401

20 F

Magnitude /dB

ol

-20

-401

60 ——
10 12 14 16 18 20 22 24 26 28 30

Frequency /(10" Hz)

B3 TR B BB 5 FL AT (a) J0 AT B 5 (b)) 275 ¥

Fig. 3 Simulation diagrams of the frequency domain of the beat frequency signal. (a) Sidebands are visible; (b) sidebands are submerged

P T 51 38 15 B0 i O REHLAS TR & DL =55 N
HhC ) A TR 22 B 55 I L 55 (B 00 B B E S
DA K T A 3ok Bt A e 7 A 00 75 £ 5 o0 U0 S A T I
L AR E SRS SR ES e T
P BEHLAS b, 3T S BOR AL Ik BUE IS S . 18
P 3, 2K Dl R HLAS AL R e s U = T 5 5 i
BEE W EME L 2R 45dB 5 22 dB, £E5 5 5k
55 M5 W L R 32 dB. 3 2 B A O Bl AL S 55 31 4 14
il R B AR A $2 5 T VAR S AR M L, R A AR S
{7 Wk LY 32 B 2 P A 5 8 S R A Ok it AL A 38 i R
4 DI ) 52 W), B AR B KA s A £ 5 8 o T B R B /N A
By i BSR4 L [R] E

W2 AR A5 5 AR E MR L X OhBEHLIY 5 104
A ) R JEE A AN TR 2 45 O X5 LA Y M L 22 S 1) A AT
FET AT LG AT S A i (5 e 1
5 7 Fof A ) TR 22 TR B9 OC 2R, AT 4 s

AR 55 M Ll 252 O BE LA R ) TR B
i P Bt BIL 18 3 o) 8 P2 B /N T 084 O 30 £ TR L )
i 32 Oh Bl B AL 9 ) % 2 R I b 5 90 o) TR R ) 52 e
25 Ohy BEALA 181 ] TR B — S I, I £ 5 98 ) % B A
LT W LA T 5 215 I A £ 5 90 o TR B — s ), DR AL
R 8 A R AR 0 A R e /N o O B AL A R o TR
JEE R I o {5 5 8] 48 TR B2 T P I T e £ TR L
(B 25 (R O, BV Oh BE AL AL 3 di] 8 32 5 A1, ool 25 S 2L

1106001-4



HEXE-MRIEX

£52% 5§ 11 H1/2025 £ 6 B/ EH*:

AR AR GEA B A RE R (E I IR R A e AR G A R
WIME o S PR Y SC 00 & I BT AT AE R B I X & 3L
Py Bt AL RS 55 0 W 80 76 5 S5 M A rp i SCORE 6 A T
F20r W e AR He A 45 M LE 5 b 8] ol % R £ A

S, /N IR A ) TR RE RS R i AR T LAl R R L
T AR R AR ) A R 2R, HORS AT RE R R AR S
(14 175 W68 L, 90 28 400K T I g 7 80 ) 20 0.3 rad L B
A P Oy Bt AL A 3] ) T 2 S 0.2 rad Y 81 1 05 5

() () (©
4 —Mpm=0.20 rad éb . — Muso=0.15 rad 55 —Mpm=0.20 rad
m 40t Mpm=0.15 rad AN - Muso=0.20rad | m -~ Mpm=0.15 rad
05 ~Mpm=0.10 rad ) 60F T = Muso=0.30 rad | 275 50 b = Mpm=0.10 rad
25 35 ~—~Mpm=0.05rad =fps RN —Muso=0.4brad | 73 Mpm=0.05 rad
TE Mpm=0.02 rad 25 N 28 Mpm=0.02 rad
B E 30f 75 55 T 45
28 51 2% 28
) =3 RS
E% 20| 5% 50 £ 40
2 $ - DGDB
= 15[ =3 ==
260 5545 &35
@ 10f =G =
5 . 40

015 020 025 030 035 040 045
Muso /Tad

[ 4

0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
My /rad

30 . . . . .
0.15 0.20 0.25 030 035 0.40 0.45
Muso /Tad

A ) TR P 15 4% 5 1 R L 1% OC 2R () 90 TR IR B2 55 0 L 55 1 R L Ay O 5 (D) R TR IR BB 5 20 5 LE S5 1 IR L AR G 3%

() PRI E S E15 5 A M L E R

Fig. 4 Relationships between modulation depth and signal-to-noise ratio of each signal. (a) Relationship between modulation depth and

sideband-to-sidelobe signal-to-noise ratio; (b) relationship between modulation depth and main signal-to-sidelobe signal-to-noise

ratio; (¢) relationship between modulation depth and main signal-to-sideband signal-to-noise ratio

23 BRERSZESHIRIM

G I W I B A% O BEHE AR 3 CH AT 2 32R ]
2 80 MHz B RAEI A ), 1738 15 52 48 WA A il 8 2y
Bk O T ARE ARG B D BRI e KR
JEE b D0k i85 o Al 4 8 S0 A PR R A XU AR 5
P A3 £ 28 et R TS A2 [ 25 9 80 MHz Fip b

AW 5T i R B9 945007 X0y B A0 0, D Bl
HILAS 1 B & 1024 1 Weil B J . Weil B Oh Bifi AL 5
4 A O BRRCR B B A R AL, HAT R BERY (L, OF
L 55 0 BB ARG , 70 365 R 0 81 4 TR B R 0 S 3£ S Y
MR AN By TSRS B B A5 S A B A o B e il

i 0 BCHE 5 PR A LS DE AT S R AR | BE 08 i 1 AU
A T T8 T B B e DA BEHLAS P L A — He RO BUE S
64 7 Oh B AILAS 3 17 S BB A, — 2 5 3 1Y £ BE AL S fig
g HEAT 16 17 FLRRBCHE o 76 80 MHz 19 Bsf b 45 R 1, %
RN E AW ICHEAT 64 UCRFE , fc 45 2 (0 #4718 15
B 5 A5 %R 0 1.25 Mb/s, % v il 15 04 114 3 %
F19.5kb/s. SEEEUNE SR .

A B 5 45 F R A O BEAILED F R AT S el A
Jei BCHE A 1 R P BEMLAS B BE 2 7= A B A L
BN B O B AILRS B4 45 R Ok — 64, 7E X AN R A S
JORAE 64 IR A1 DL T e 245 B 9 B A — 4096, 1

1024 PRN

ranging range 245 km
| >
chip rate 1.2 kHz code N-1 code L code N+1
) data period 51.2 ps X
I 2|
data rate 19.5 kb/s data 1 data M data 16
1 S~ !
i ‘\\ sample period 12.5 ns !
1 Sz 1
1 S, 1
: Sso sample 1 sample N sample 64 ] !
i ~ N - 1
1 N . PPt 1
1 PRN period 800 ns " P !
PRN rate 1.25 Mb/s PRN 1 PRN 64 PRN K PRN 1024

4096 samples for data recovery

N

65536 samples for ranging

5

HWAF RS H FE K

Fig. 5 Structural diagram of communication system parameters

1106001-5



£52% 5§ 11 H1/2025 £ 6 B/ EH*:

HEXE-FRILEX
B 7 0 X N 1 O B BILAS Fr BN 2 AR 5, B 4 O A5 3
(18 R 4096, TN IEL 6 FF 7, MR 4k B 43 &5 S 1% 1F 47 B AT
W7 S b A o AR B TSR FPGA S & DL RCROG
T RS A B, R AR M RS 9 ) 2 AL B A5 2 Oh B
HLES A 25 O A 1 B, I8 BE 3 PR BE BILAS 14 52 4%
e, A MBUMENA BT R EN 02—
I E N BEALED A [ AR SR RE K KRRAR . A5 R G
FPGA & b0y S8t Jr 2 an &1 7 B s, b A8 A7 T i i
{149 AFASE 5040 108 4 At R 0 e 3 el 3 1T BRAFD K SR AR 1
B A T BB OO R A o X T AN RO E R R

data | 0 ] 1 |
PN [tftf-fofufofufa]-Jofa]o]
sor (DL o le 1]
value | 64 | 64 |

K6 ot W =

Fig. 6 Schematic diagram of data judgment

output phase of the
phase meter ‘IIR_sin’
n
IIR_sin>jugde_up IIR_sin<jugde_down

y ¥:
the PRN is the PRN is the PRN is
judged as 1 judged as -1 judged as 0
y T
PRN XOR local
symbol, integrate,
cnt+1
!
cnt < 4096

the data is the data is
demodulated to 0 // demodulated to 1

end

K7 Bl S AR

Fig. 7 Flow chart of data recovery

N 64 A O BEHLES , I H & A Db B AILAS 70 28 7 64 YR i
AR AE ST D B R B S 4096, K R 9T R 4096
BT H5 5 1 S Bt i A 8 B2 Wt AR 5 S b B B AL
T E A7 AH DGR 43 i A0, M 40 AR 43 {8 1 I 67 BRIV Rl H0 B
AP R R 0 IR s R M . SRS S B T AR
Bl JEAT A A R OR R4 R B R AR A B O R
& E LT IR SR AT

3 SEEEUEBCIT MOt A

WO 3E 5 5 A M RS AT 8 R G0 0 PO S B R
I EESE W & 8 iz o BOL 8% & B 0Ok 28 50: 50
3 ARG T AP B OGAR 5 X P O AR 538 a5 O
il %8 CAOM) 7= A 20 MHz B9 22 45 . #6045 85 15
R AR R A AR B S A LT B R R
545 W A5 15 2 10 O BEALAS 8 1 A OB, i T
SV i A s S SEAX R 1A PRI SR A S
k1 0~3 GHz B Ty 34 il i 1 17 A5 45 i) 4 e 7 5 O il
MLES I Zhn . BEJS , P B SO6 R 28 50 50 43 4%
Gy R WA, e — B R 6 sl 1 R B8 ik E O
Uity , 3 — B AE S B Wi 5 I v O HEAT T &
i E A O BRI AR R . TR W A A AT
B0 TR T B M S5 T R A (fE N
ST B B BB IR S A A T B9 ADC R AR (E 5
DI X ' e R T 8 2 B 5 R AT R R . JR L,
WA 5 A S T A 32 ofie s A 3 310 6 17 8 i A O 380 1Y
95t b

R Rt iR R Aa e Y aa O P UN - & ]
P R 8 B A AR S P A — i R 22 0 K R I I A
SRWORT IR S T AR S WM = AR A
5 EFWAE S 100K 22 Sy Ir U8 A5 0 R AE S 22
o BAEEE R EHLE N IR PRSP S5 A
b BE AL AT S B R AR R A ENE S
i 5 5 20 1 B F Y VR T 43 S0l R ) S e A B Rk
AL - o s ' B R T 28 42 A0 1) 1 28 D AT LA 5 o
SeTH I RS AR MHz R TS . ETWES
AL P 4 B S A, T A 5 2 I s
FAOL T REAE 20 M $E B &=+ 005 5 F0 1 T 37 R (5
SRS I e N i v DA S I Y 1 K A
B8 T VA5 5 AL b B2 BRUOh B MRS X 5908 32E 47 i 3]
DAL RS i B I () I - = N NS = oL (1 S )
FIE7R o

LA 1 LOPM 1) SRy 6], e 4 A4 38 38 43 ) 422 0ok
G B O63R0E A5 5 L 3 o B b B SRS S DA AR
B Eh IS . GRS R EMSEH A Sk
B A B AL 25 W 5 AHAOL T /E S ADC RFERT B, 78 B 4
A6 I R, 6] — & A AL [/ — 15 5 0 i 245
R AN S M B R R AR T b R B AR A T AR
YERE . WEAE NS % 0 Bl 15 5 & A48 48 S 9 10 MHz
[ 43 6] A A 25— o =, o0 il i A AL o d A o

1106001-6



HEXE-MRIEX

T |

clock 1

multi-clock  combliner Rgténuator PD A
g
(O~ circulator
N\
fiber )
circulator
2l 13
u_’ %
. combiiner attenuator PD
multi-clock PRN 2
clock 2 0 ] l
,
oo |
[oX¢]
K8 WOLkE BT (Z8) SOt S (£7)
Fig. 8 Laser link design (left) and physical diagram of optical path (right)
— 10 MHz 0 Pra Ya | _ |
channel noise Ch 1
33 od X |
A —
—r
L
2.4 GHz M1 |, —
Crh 20 MHz main ¢, , multi-frequency
clock 1 [ time noise 1,
Qa — 21 MHz sideband g, , -
reference clock .
10 MHz t communication data |
— 10 MHz ?: P24
00 : od = channel noise Ch 2
oo =
oc¢ time noise 2
ob PM 2 P2y —
2401 GHz = 20 MHz main g, , N multi-frequency
clock 2 L Oa ] L time noise 7,
np-ng, —21 MHz sideband ¢, -
reference clock 10 MHz 0 communication data |

B9 AL A5 5 Y Dt B ]

Fig. 9 Schematic diagram of the signal measured by the phase meter

o d I Ay 2 SR R AT SRR AL B Fr 45 45 R B AR
Aoty B M i (7) B o 18 T8 WS AT LUV
PN ARAL T TAEPERE Y 2 ]
chl = P P (7)
AP Ney RoR A TR IBMEE 0, 0070 9l EK R
PM 1% c.d i 85— B I 45 2R
ARASE T B9 b 3 8 H2 WOk B I 15 S A AR A Y B b
U5 @0 X TAER — RAEM PN b ci@iE, b TA
28O0 B A R RO HL T2 S A 0 TR T BR A S BR I AL
Ry A J5 H, J e 1 g FF A L 2 B) ) 22 5L LI @, S o, 1Y
F40H B BT 75 AL i3 ) e b e L 42 (8) R
L=, @i (8)
WOCARIRAE 5 1 7R H B0 5 i O T 98 A,
HA P B HOE A B A& 2 IR G B 5 H O TE A
YE RIS 0 B 45 5 R A5 A5 B, B 28 ol v 5000 45 4

WO e 25 AR T B9 aB T8 o PR T 1 A o6 o
il T 2.4 GHz ()£ 45 s B0, T 328 35t 38 ' 1) 981 361 B 4
2.401 GHz, Rt 23 16 T W 40 4045 5 E A B 3 7~ 4= 3
AN, B 20 MHz F 45 LA )2 19 MHz 1 21 MHz 3845 .
AL T BE 1% [] i 48 B — S A0 B A AR 7 £ 8, H P A
B I 7 Ry
TI=@1,. QLo (9)
o W AR5 & A a2 0] (0 B B 22 57 22 2 240 1%
R 5 R 25 3 o 380 3 5 3% A0 e 7 53 LA Xt g s K i
B, IERE HL 5 R [ SRR s A I 1 R A 25 e
B A5 27 B i e e g g5 R = (10) fR o %4
VB Jy ARSI P | B B T 38T 0 A 1 A% 8 R B R RS B A
B
5

. 7¢l,a_spl.a/
Neem =——14=
n

n

- (501.b - §01,c> (10)

1106001-7



£52% 5§ 11 H1/2025 £ 6 B/ EH*:
FhRE ) e J5 P8 A ZE SR BR R AT R VK R
S AR SN R 1R .
F£1 SHEEISERME

Table 1 Parameter design and actual values

HEXE-HRIEX
BEAb  OCARIIAE 5 B AR AL id 5 A 18 15 K, A
FHUE U A% m] 8 T HUE S b B AR AL A5 Bl B R, AT

Parameter name

Theoretical value

Actual value

Sampling clock /MHz 80 80
Data rate /(kb/s) 19.5 19.5
PRN rate /kHz 1.2 1.2
Composite code rate /(Mb/s) 1.25 1.25
Interference frequency /MHz 5to 25 20
Sideband frequency /MHz (f: int/g“rl;ielliive[izequency) 19, 21 MHz
Pseudo-random code modulation depth /rad <20.2 (unipolar code) 0.2, 0.1
Multiplied clock modulation depth /rad <20.45 rad 0.3 rad
Frequency multiplication factor Approximately 240 times 240, 240.1
Received optical power pW level 28 pW
HI T S50 A5 A BT BB, 32 BRI A% 5 06 A f 5k

A5 1 BRI, S 56 i A AT ROR AR BT R OL 2R p W
Go TIHNAEAR T KR A D AR g i BR A DL K o 2R
PERERE U FE AR T, 285 D) 3R 5 JlU A O A% A0 ek 4 £
5 55 Dy BEAILA 3 i 15 5 e i P s 280 A 5 R 9 il T
JE90.3 rad. FEIEACMF T BEATHOLHE M4 BY Dh ETT %

4 ZER 5318
4.1 HHEEEHRER

Fie BRSO T O BT 2R L0 A5 B 2
nE 10 frs .

4
1 —— multi-frequency noise
--o- multi-frequency noise divided by 240
E —— clock noise
) F —=— com-mode noise (PRN 0.1 rad)
10° ¢ channel noise in SG384

—

(=

=3
oy

102 ;_»»_»:‘\\

Phase noise /(rad/Hz"?)

-- channel noise in 335008
-+- com-mode noise (PRN 0.2 rad)
-%- com-mode noise (no PRN)
Taiji requirement

---- Taiji pathfinder requirement

10k

Frequency f/Hz

P10 fof o e 7 ) o 45 2R
Fig. 10  Graph of the measurement results of clock noise

X F [ —A5 5 ¥ A [HEE 2 B ADC £ 3 5] A
B4 R A7 1352+ 15 2 a2 SCOM A7 T3 JE B 7R . 7E 80 MHz
B SR FE B B0 R AR 5 A A s B BRIE b nT A ROR
40 MHz & LA AR (55 o KA IR 51 77 9% 15
2 B BRI R 5~25 MHz, 4 5286 % 1 20 MHz (19 T
WA, EL0W N = Mg S = Mbric Bk
SRR S R AR AR BB T M Lk T LR A
[i] — BSF 8 AR 3 B4 3 3 R il 2R ARG, OF HLE AR BE

5 Tl A2 ) 2 K M M T R A A SG384 I B B e 7
M £k 78 0.1 Hz &b 30 T W E , 1 R | KEYSIGHT
33500B 15 5 & A= 4% 6 [R A &2 I WA & PR e {1, 3%
BH I U 0 R (S 5 & A2 4% SG384 AR By iy A v e 7
CTERIC L LR A I R R AR R TR A
S EAEINSER R 1/ R, 2 W b g e A
TR X bR i S 2 T8 I A A A% 3 4 % A T A g
Fi L, H2 240 5 40U QIR TE bR IC HE 4k TR, AR iR

1106001-8



£52% 5§ 11 H1/2025 £ 6 B/ EH*:

HEXE-HRIEX

5 IR AR pih 2 R A — B, 1 B S AREOR

AR IC M 2 AE I B G 9 A R 0.3 rad
B B A R TR BE A 0.2 rad 2% 7R I B Ak 0 7 1 )
S5 AR 130 B A [R) — O B0 R IS
PSS RO B BILAS £ S 2 SOt s i 32 DO B HILAY
A ) R JEE A R W, AT A M L AE — E AR B B
590 BT ST HABUE 5 B S A AR B 15 5
SRl 11 12 iR o

BI1L 05 2 U (m,, =0.2 rad)

Fig. 11 Frequency domain diagram of the beat frequency signal
(m,,=0.2 rad)
0.010
- —clocknoise
0.008 i ---- multi-frequency noise divided by 240
0.006 Pl
N I
S 00041 3
& 00020 |
50
=
e -0.0027 " v
% !
s -0.004
-0.006
-0.008 |
~0.010 L L L L L L L 1 L L
0 02 04 06 08 10 12 14 16 18 20
Frequency data pieces /10°
12 A R4 B i 4R K (my,,=0.2 rad)
Fig. 12 Frequency chart of data acquisition by the phase meter

(m,,,=0.2 rad)

MR A R rp ol DL B3RS 5 A o4 4
WO T WHR T I AT eIl & 18 T #4750
I 05 5 LU R Dy BE AL i b S 69 b7 sl /0 22 By 5%
Mo A2 S FRBT I G % PO AR ORI R WA RS S
O A T SR IR MR L 200 40 dB O s B Y
B — % T 20dB) , A (G S WS MG MR LA R
12dBo XS T 32 6 RE A% 11 e P S SE I PRI R0
BT 07 BAE AR AR . FEBLAE MR EL S A AR AR Y 34
WG M 12 P BT R o 5 502 SRAE /Y I ph g

FSHE S, 38 B ARPUR BUE R A —F L H
WL S A7 AR R o T R R, T B B 2
R — FOERR AR, AR BRI & 5 o TR, 75 2
AR D Bt WL AL 3 il R L, LA i v 140 {5 TR L

Pl 10 1 1E J7 T8 A 10 558 2 2 R AT O B BIL A 31 11
TR Z 0.1 rad I 14 B b B P 410 4 4521, 1L 07 %6 F 40
A 5 1) AR ] LA B AR 67 T 2R 4R 1 5 HT 43 S dn el 13
FE 14 F R

4 - FS(FFT)
v -83,819dB

13 4AME = R A (m,,,=0.1 rad)
Fig. 13 Frequency domain diagram of the beat frequency signal
(m,,=0.1rad)

1.5
—— clock noise

---- multi-frequency noise divided by 240

=
=]

o
5l

|
<
o

Frequency offset /(10-? Hz)
S

|
oy
o

-1.5

0 02 04 06 08 10 12 14 16 18 20
Frequency data pieces /10°

P14 AR S HOH 19 45 % 18] (m,,,=0.1 rad)
Fig. 14 Frequency chart of data acquisition by the phase meter

(m,,=0.1rad)

W R, G5 LF AN LY 45 dB, i
L 55 5 MR L 20 20 dB, AR TR — Rh O 15 3
THETE . AR HR O T ARG S TR R
SE GG AR A E S S P S H R ES
A ABT R Al B% 3 PR — B0, W R T B RIECEE . B 10 g 32
T 50 B 28 2 AU A 0.3 rad I 4t e 75 378 sh) % B2 I 19
I o Mg 7 U A 4 SR o A A A MR S A 8 T 6 1 2 5 i
LM EMREREBRLR KR IT R T AZHh
Wi HIL AT 18] S 55 o k) 45 SR ol T R R Y S ) A

1106001-9



HEXE-MRIEX

£52% 5§ 11 H1/2025 £ 6 B/ EH*:

A7 1T £ 25 S A — o 0% s M X BOR A PR Bl
PLAE 8 1 B4 ol 2 7 50 43 481 B b 55 m A Dk B LA 8 1 S
B AR 5 A AR 22 5 (0 3 AR A F R — 4 B K
VLT LE RS B SER T % DL MHz 95 51 R
{55l {5 5 & A 4 B B PR AT R ECE 2001
ARSI, A B GHz G A5 SRS B S 5 o 13X — 2 B2 1T BE
22 AT R A A B B BRI, DT 5K Y AR A
Mg S . LISA W BAFE SC 50 rh 30k 1 AN [ 2R AL Y |- A8
Wi Z g, 45 K W UA 2§l 19 Rupptronik A5 Bl A 14 2]
T A T T R R KOS S A SR R B T A S
25 3k OB IR 48 U5 VE T IO 2 O I 2 R
FE T OB TAE M it i A e 30 L G AR L s
SO OE R T T Ak A AR AR DT B0 1%
NP o) R A et A 1 1 =g L 7 i 5 A6
R A2 A O A U R O O S B AR Y AR 5 kR
T/INAR A, DT 52 M JHE A 59 238 0 F O FR A, 1 I ) BO%
AL TSI A K IMIg 25 o B 2O B B g e R AR D
Ja 15 2 g 2 an 1<l 10 Hh IE I AR Ie SE R T, HORS
5ROk I8 BT 0] ] 7 B 2 A s 75 A 38 4000 1) 45 R
Rk TR — e g, R W 22T DA BE HLAS I 6 A AN
FsZ 0 B B . AR T b — W 7 &% R

Name Value

Name Value

22, 800 23, 000 23, 200
¥ IR _sin_reg_1[55:0] 241914300900

TR B T T 24— A%, 7F 0.1~1 Hz .0.1~0.5 mHz
0 BE 3k BT 210 X107 rad/Hz"* BOKG BE , i 2 KRR
% B R IR UE T R WO AR B b R RS A DR Bl B A
55 B A {5 R S B A R S A% 3 T R AT AR
42 MEAHNNBEERFEMNEZT

b SO A B A B B BRSO R R Y O R AR
TE— o B BE 4R 1 I b M AL 0y PR Re  (H A X
AR RGN AT NS T — 2 um . O Bl BLAS 9
TR BE Y PR 7E 38 AR T M I 0 T A 32 AR BRI A
VA& R AT IRl s | v o N [ [ s T e e
% S PR BE R MR S Y 52w A8 A O Bl B A
LR B 2 T BROIE A AN B PR B MR R R . T
AR BE B R B 3z PR Bl AL A O IR R YRR R B A
Fhy B ML A5 I R EE B/ | 2Dk AF S 45 Al (E AR B
M A7 AR A RN B i o AR RIR E AR &=
5O Bifi AL A5 1% o o 0 R A Sk ORI A DR AT 1 ) e S
1R S BT EB 43 B Y AR a3 ) e s B R AT
FORM AR LA B, 7 B ek H e R G, LA
PR AL k. /15 B AT IR 4 9 Sk B
P55 98 ] m,, A 0.2 rad F1 0.1 rad B AH AL 3 (7% i A7
R,

22,800 23,000 23,200 23,400
w/IIR_sin_reg_1[55:0] 485785081644

F15 055 B8R 5]

Fig. 15 Phase data diagram of the main signal

o TAFAE RS ] R 4, O T e 2 e =R .
AR A ) TR HE R B AR 52 X5 1 A9 PRN B8RS BN A )
IR RO S R R A IR A R AT 16 s

SR ARG LI [ 2 B 2 19 O IR ZS A I, T 04K
ST ICHE B PN AR S s o DG, X — A
intetefered PRN

interfered PRN code

AN L]

i
At

0 500 1000 1500 2000 2500
Time stamps in PRN chip
K16 RS ICf@iagsi R (—)

Fig. 16 Demodulation result of code elements (part one)

15

Filtered PRN value

R 5 T 53 e 5 5 2 DR A 00 T I 1 D A T 7
AR L P S B SR A T T R 1 £ B
9K JF i i MATLAB # £ JF 17 35 19 25 if) B 12 % %
(BER) 47 , 45 540 P 17 F 75 .

10 bit error statistics

0.9}
0.8
0.7
0.6
0.5}
0.4 ¢
0.3
0.2
0.1}

% 1 2 3 4 5 6 7 8 9 10
Error bit position /10°
B 17 R g R (—)

Fig. 17 Bit error analysis result (part one)

BER: 0.0068%

Bit error

1106001-10



£52% 5§ 11 H1/2025 £ 6 B/ EH*:

HEXE-FRIEX
15 22 WA B m,,,=0.1 rad T B9 A A7 508 J5 4 4% )
Pl TR AR T A RCRG R T H T, Bk e
ZE R 18 s o

L5 intetefered PRN

' — interfered PRN code
1.0 n " [ "
0.5 I

Filtered PRN value

“l UL

-1.5

0 500 1000 1500 2000 2500
Time stamps in PRN chip

K18 A oCfiiHas (=)

Fig. 18 Demodulation result of code elements (part two)

M 18 W] LU B4k F 4 1 F— 1 35 19 5 0 550
L EARR B I TP SR & NN [N E Y€
PR A2 FN P T e . FRGE S B HLR R EE T
F R 0 38 5 B0 AR )5 8 53 MATLAB #8098 4712 15
AU TR R AT o 45 R R FE 10° 4 HL AR P A AR
RS, B2 RN R E 19 iR .

bit error statistics

1.0
0.9

0.8}
o7 BER: 0.00004138812%, The first error position: 2416152

0.6
051
04r
0.3r
0.2r
0.1F

0 . \ .

0 0.5 1.0 1.5 2.0 2.5
Error bit position /10°

K19 R Hr g R ()

Fig. 19 Bit error analysis results (part two)

FERHIR RS T ,m,,=0.1 rad B Dh Bl HLAD 3 15 1%
T RAK T 107, 3 HLAT T 81 ) 388 15 20 1 806 2 R 1
JEA R b — 2P A X A T A S LT
e 128 I e R P ) 7 £ 5 15 R EE AR DUAR &, SR E T A
[ — O B % v T IR i R P 2 238 % B IRDIBOL 3l
{7 S5 5 Bh D BE (9 05 S8 O Rk o T e R TSl A O
HE 7 SRR AT SO R, FE U B D RE T LA
T

5 4 1w

TE R A3 w1 51 R I B O 9 B

Bit error

LI i 3= 22 A 45 i e 75 A a8 S AL (RDIEOGE (5 I FE . 9
T BE I FR G0 B R 1A O TR AN o B YR
10%, If H th BE AL A5 8 ] D S48 88 2 S0t o
126, B X6 33X A2 K, AR Sl i i 3 o0 b A5 FLAULG i
VI T B i M RS A% 3 K R [B) IO (E S80S IE X
T Ty fe A BT R — SO A b R A AT T
UG AE T Dk B AL AL 8 ] R JE XoF Fsf e M S A% 3 ) ¢ i) - 1E
AT 7 etk o Ok 28 A A5 e el M s 2 ML Dk S BB A
£ 0.1 Hz £ 1 Hz.0.1 mHz £ 0.5 mHz $i Bt N5 204 F
2n X 10" rad/Hz"* B BE , 5 A5 M0 7 28 7 R A0
0] Fof e M R 2 SR AT A o el Ty S AE AR O BE HL A
VAR BE LA 5 F2 A5 5 M il 15 515 188 LL A [R] e 55 30
T AT RAGRAL T 10 °, SR S B T O I B
TIRE 1R BE, B0 UE T P I J7 28 B AT Rt O ARk ST
VAN B T R IR Ab 2 B T S RN B e S

& % X #

(1] 27, sk, Brwl, &5 b zs m] g | S K p )7 & ok

e 15" AL T B s R 74, 2020, 7(1): 3-10.
Luo Z R, Zhang M, Jin G, et al. Introduction of Chinese space-
borne gravitational wave detection program “Taiji” and “Taiji-1”
satellite mission[J]. Journal of Deep Space Exploration, 2020,
7(1): 3-10.

[2]  Danzmann K, Team T L S. LISA: laser interferometer space
antenna for gravitational wave measurements[J]. Classical and
Quantum Gravity, 1996, 13(11A): A247-A250.

[3] Bayle J B, Bonga B, Caprini C, et al. Overview and progress on
the laser interferometer space antenna mission[J]. Nature
Astronomy, 2022, 6(12): 1334-1338.

(4] #RJK, WEAR, BEF, 5. S E51 RN P oL T £ A
A I HOR [T OG5 6 TR HE R, 2023, 60(3): 0312006,
Xu X, Tan Y D, Mu H L, et al. Laser interferometric multi-
degree-of-freedom measurement technology in space gravitational-
wave detection[J]. Laser & Optoelectronics Progress, 2023, 60(3):
0312006.

[5] Luo Z R, Liu H S, Jin G. The recent development of
interferometer prototype for Chinese gravitational wave detection
pathfinder mission[J]. Optics & Laser Technology, 2018, 105:
146-151.

[6] Yang R, Liu H S, Luo Z R. Optimization design of decimation
filter for the phasemeter in the space gravitational wave detection
[J]. IEEE Transactions on Instrumentation and Measurement,
2024, 73: 7006508.

(71 EdR, SFeedy, E48%, &0 = m 5] R 000 T W

AT i e e BT v B2 MR Jyo KO0, 2024, 54
(7): 109-127.
Wang J, Qi K Q, Wang S X, et al. Advance and prospect in the
study of laser interferometry technology for space gravitational
wave detection[J]. Scientia Sinica (Physica, Mechanica &.
Astronomica), 2024, 54(7): 109-127.

[8] Wang Z, Yu T, Zhao Y, et al. Research on telescope TTL
coupling noise in intersatellite laser interferometry[J]. Photonic
Sensors, 2020, 10: 265-274.

[9] LiuHS, YuT, Luo Z R. A low-noise analog frontend design for
the Taiji phasemeter prototype[J]. Review of Scientific
Instruments, 2021, 92(5): 054501.

[10] Heinzel G, Alvarez-Vizoso J, Dovale- Alvarez M, et al.
Frequency planning for LISA[J]. Physical Review D, 2024, 110
(4): 042002.

[11] Zhang J F, Ma X S, Zhao M Y, et al. Advanced inter-spacecraft

1106001-11


http://dx.doi.org/10.1088/0264-9381/13/11a/033
http://dx.doi.org/10.1088/0264-9381/13/11a/033
http://dx.doi.org/10.1038/s41550-022-01847-0
http://dx.doi.org/10.1038/s41550-022-01847-0
http://dx.doi.org/10.3788/LOP222694
http://dx.doi.org/10.3788/LOP222694
http://dx.doi.org/10.3788/LOP222694
http://dx.doi.org/10.3788/LOP222694
http://dx.doi.org/10.3788/LOP222694
http://dx.doi.org/10.1016/j.optlastec.2018.02.042
http://dx.doi.org/10.1016/j.optlastec.2018.02.042
http://dx.doi.org/10.1016/j.optlastec.2018.02.042
http://dx.doi.org/10.1109/tim.2024.3453345
http://dx.doi.org/10.1109/tim.2024.3453345
http://dx.doi.org/10.1360/sspma-2024-0111
http://dx.doi.org/10.1360/sspma-2024-0111
http://dx.doi.org/10.1360/sspma-2024-0111
http://dx.doi.org/10.1360/sspma-2024-0111
http://dx.doi.org/10.1360/sspma-2024-0111
http://dx.doi.org/10.1007/s13320-019-0574-5
http://dx.doi.org/10.1007/s13320-019-0574-5
http://dx.doi.org/10.1063/5.0042249
http://dx.doi.org/10.1063/5.0042249
http://dx.doi.org/10.1103/physrevd.110.042002
http://dx.doi.org/10.1103/physrevd.110.042002
http://dx.doi.org/10.1364/ao.487809

[12]

[13]

[14]

[16]

[17]

(18]

HEXE-MRIEX

offset frequency setting strategy for the Taiji Program based on a

two-stage optimization algorithm[J]. Applied Optics, 2023, 62
(16): 4370-4380.
Yamamoto K, Vorndamme C, Hartwig O, et al. Experimental

verification of intersatellite clock synchronization at LISA
performance levels[J]. Physical Review D, 2022, 105(4):
042009.

WuHZ, Xu MY, Wang P P, et al. Time delay interferometry
with a transfer oscillator[J]. Optics Letters, 2023, 48(1): 9-12.
TR, BhA, AEPRE, AF LT R IET] ) AR Y e ] AE AR T
AR DA, 2021, 14(2): 275-288.

Wang D F, Yao X, Jiao Z K, et al. Time-delay interferometry for
space-based gravitational detection[J]. Chinese Optics,
2021, 14(2): 275-288.

SRR, BLIR AT, BRI R, A I A3 A 5] 07 I O I
B ot I 7 I E AR [T). b O, 2023, 50(23): 2301009.
Hu H L, YuY H, Chen D J, et al. Measurement technology of
laser relative intensity noise at low frequency for space-based

wave

gravitational wave detection[J]. Chinese Journal of Lasers, 2023,
50(23): 2301009.

EXAF B, A A, SRRV, S L R TR IO B I A A b TS
ARG IELT] hIE#OE, 2023, 50(19): 1906003,

Zhao M Y, Gao R H, Zhang Q T, et al. Research on simulated
laser link construction control system of Taiji Program[J]. Chinese
Journal of Lasers, 2023, 50(19): 1906003.

Sk, XA, XU, AF L RN TR B A EOGE (F 2 AT
Kz gk [T o EOG , 2023, 50(23): 2306002,

Zhang Y B, Deng R J, Liu H S, et al. Parameter design and
Taiji Program inter-satellite laser
2023, 50(23):

experimental verification of
communication[J]. Chinese Journal of Lasers,
2306002.

Bender P, Brillet A, Ciufolini I, et al. LISA. Laser Interferometer

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

£52% 5§ 11 H1/2025 £ 6 B/ EH*:

Space Antenna for the detection and observation of gravitational

waves. An international project in the field of fundamental physics
in  space[EB/OL].  [2024-12-12].
archive2011/Documentation/ppa2.08.pdf.
Barke S, Trobs M, Sheard B, et al. EOM sideband phase
characteristics for the spaceborne gravitational wave detector LISA
[J]. Applied Physics B, 2010, 98(1): 33-39.

Heinzel G, Esteban JJ, Barke S, et al. Auxiliary functions of the
LISA laser link:
communication[J]. Classical and Quantum Gravity, 2011, 28(9):
094008.

VLS, FEME, 0T L, S5 T ) I B R R A 2 A i 1 P 4
HELT]. R 22 (R 32 30), 2023, 16(6): 1394-1403.

Jiang Q, Dong P, Liu H S, et al. Ground-based principle

https: //lisa. nasa. gov/

ranging, clock noise transfer and data

verification of clock noise transfer for the Taiji Program[J]. Chinese
Optics, 2023, 16(6): 1394-1403.

XuMY, Tan Y J, Wu H Z, et al. Influence of EOM sideband
modulation noise on space-borne gravitational wave detection[J].
Results in Physics, 2024, 57: 107366.
Esteban J J, Garcia A F, Barke S,
demonstration of weak-light laser ranging and data communication
for LISA[J]. Optics express, 2011, 19(17): 15937-15946.

Xie S'Y, Zeng H'Y, Pan Y H, et al. Bi-directional PRN laser
ranging and clock synchronization for TianQin mission[J]. Optics
Communications, 2023, 541: 129558.
Chen P Q, Zhang Y B, Deng R 7,
demonstration  of

et al. Experimental

et al. Experimental
bi-directional ~ laser ranging and data
communication for space gravitational wave detection[J]. Results in
Physics, 2024, 65: 107985.

Sweeney D, Mueller G. Experimental verification of clock noise
transfer and components for space based gravitational wave

detectors[J]. Optics Express, 2012, 20(23): 25603-25612.

Design and Verification of a Laser Link Auxiliary Function Scheme for the
Taiji Program

,2,3,4

Zhang Ziheng"***, Fan Xiqian'

, Jin Gang"', Luo Ziren"', Liu Heshan"

'School of Fundamental Physics and Mathematical Sciences, Hangzhou Institute for Advanced Study, University

of Chinese Academy of Sciences, Hangzhou 310024, Zhejiang, China;

*University of Chinese Academy of Sciences, Beijing 100049, China;

‘National Space Science Center, Chinese Academy of Sciences, Beijing 100190, China;

‘Institute of Mechanics, Chinese Academy of Sciences, Beijing 100190, China

Abstract

Objective

The Taiji Program, led by the Chinese Academy of Sciences, is a space-based gravitational wave detection mission

designed to detect gravitational wave signals in the frequency band of 0.1 MHz to 1 Hz in deep space. The main auxiliary functions of

the laser link in the Taiji Program are intersatellite laser communication, ranging, and clock noise transfer. To integrate these

functions within the same laser interferometric link used for gravitational wave detection, the mission proposes to implement sideband

frequency doubling for clock noise transfer to suppress clock noise. Furthermore, pseudorandom code spread spectrum modulation is

employed to achieve intersatellite laser communication. At present, research on the auxiliary functions of laser links for space

gravitational wave detection remains limited. These functions often operate independently in separate systems, and no previous

studies have tested the coupling of these auxiliary functions within a single laser link. This study aims to fill this gap by analyzing and

designing parameters for the coupled modulation of clock signals and pseudorandom codes through simulation and experimental

methods. The study aims to validate the feasibility and performance of the dual-modulation scheme within a single laser link,

achieving functional integration of the interferometric auxiliary functions in the Taiji Program.
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Methods This study examined the requirements, principles, and methods for using a laser link to achieve intersatellite clock noise
transfer and laser communication. It discussed the coupling relationship between the two functions to establish parameter planning. To
validate the concept, a ground-based optical experiment was set up to simulate the laser interferometric link between the two
satellites. The setup involved two independent signal generators acting as clock sources for the system clocks of the satellites. A
power combiner was used to couple the communication information and the clock signal. The combined signal was then modulated into
two laser carriers using an electro-optic modulator for interference testing. The phase information was extracted, and the data were
demodulated through phase-locked and delay loops. Finally, the suppression results of the clock noise and the communication bit error
rate were determined through data post-processing using MATLAB.

Results and Discussions The experimental and simulation results reveal that simultaneously modulating the clock signal and
pseudorandom code in the laser link introduces a measurable impact on the main detection signal. Specifically, as the modulation
depths of both signals increase, the signal-to-noise ratio of the main detection signal decreases. Furthermore, a coupling effect was
observed between the clock noise sidebands and the sidelobes of the pseudorandom code. When the modulation depth of the
pseudorandom code is relatively high, the signal-to-noise ratio of the sidebands becomes constrained and decreases. In extreme cases,
sidebands may be overshadowed by sidelobes, which renders effective clock noise extraction impossible. Conversely, if the
modulation depth of the pseudorandom code is relatively low, environmental noise significantly affects the performance, greatly
increasing the communication bit error rate. Through experimental analysis and parameter optimization, the clock noise suppression
effect achieved surpasses 2n X 107° rad/Hz"” in the frequency bands of 0.1-1.0 Hz and 0.1-0.5 mHz, meeting the requirements of the
Taiji Pathfinder. This validates the effectiveness of the clock noise transfer scheme by simultaneously coupling the pseudorandom code
and the clock signal modulation in the laser link. At the same time, the communication bit error rate is successfully maintained below
107" (Fig. 19).

Conclusions The auxiliary laser interferometry functions for gravitational wave detection in the Taiji Program mainly include clock
noise transfer and intersatellite laser communication ranging. To meet the system design requirements that the sideband laser power in
the laser link system does not exceed 10% of the total laser power and that the pseudorandom code modulation power remains below
1%, this study employs principle analysis and simulation fitting to design an optimized parameter structure for these functions. It also
evaluates their integration within the same laser link. The influence of pseudorandom code modulation depth on the clock noise
transfer was analyzed, leading targeted improvements. These enhancements enable clock noise suppression to reach a level better than
27X 1077 rad/Hz"* in the frequency bands of 0.1-1.0 Hz and 0.1-0.5 mHz. This performance is consistent with the suppression effect
achieved using the sideband frequency doubling method. By reducing the pseudorandom code modulation depth to improve the signal-
to-noise ratios of the main and sideband signals, the communication bit error rate is successfully maintained below 10~°. Overall, this
work demonstrates the successful integration of auxiliary laser link functions, validates the effectiveness of the proposed two schemes,

and lays experimental and theoretical groundwork for the comprehensive integration of interferometric auxiliary functions.
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