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Abstract: High-precision time-frequency comparison is a crucial demand in modern science and technology. Yet, the
performance of current technologies is significantly hindered by the measurement capabilities of comparison systems and
the error processing algorithms of link systems. Addressing these challenges, this study establishes a high-precision satellite-
ground microwave time-frequency comparison system based on the China Space Station (CSS), introducing a novel satel-
lite-ground time-frequency comparison technique that employs two-way measurements (tri-frequency mode) and includes
advanced methods for detailed modeling of link system errors. Simulations across various satellite-ground time-frequency
comparison scenarios reveal that, even with high-precision clocks (107" to 10™"), the long-term performance of the compari-
son, optimized through our algorithm, can achieve near-original satellite-ground clock performance. Preliminary compari-

son tests using the hydrogen maser clocks on the CSS and the ground demonstrate that, within a 300-second visibility arc,
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CSS-ground time-frequency comparison precision can reach 10.77 ps, with an ADEV (Allan Deviation) of 9.992 1x10™“@

100 s, closely matching simulation results. This research provides new theoretical foundations and technical references for

precision time-frequency synchronization technology.
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NG, (1) =co5e( Ry(157). Ry(1) ) —co%/ ( R (1) Ry(1) )

Pl(t)+a,-PL(t)+a, T'(t)+a,
sin[ﬁ(t)]
(20)
Herb (PY(2), PL(e), T/ () ) by i i SR 8 53 W 0 ) <
Z2H0,0(¢) Ry (Bl AFX b D5 A A0 A

[} 1, T LA 3o I A Y )y A5 B U A7
SN O PR G 0 J= o S LR 22 B IE A AOT°, (0):

A0, (1) =0 (Ry(£57), Ry (1) ) =05 (Ry(15™) Ro(1) )

- by-Pit) +b,-PL(t) +b,-T'(t) +b,
sin[0(¢)]

+b,

(21)

TE = AR 0 Ka B0 B (5 S iR A5 3] =

SR, WURA [ 000 P B % G X e R e A AN RR

H B 2 S 2% . R R =X (21) A5 3 A BT 474 156 0 i

JE I FE AL 45 S SRS T 5 B (Slant Total Elec-

tron Content, STEC) , 3 1& 1E = (3) fp A HL B 2 iR 22
AGY (¢), TR IR

STEC(t) =
péc- ) /e~ psc- )/C_Aé_;:?g(t)_Aazt}lfir(t)

L r K A

£+K2(Bocos[0(t)]) - K1+K2(Bocos[6(t)]))

(22)
Horp, AG7 (1) 9 (3) HBR R AIR 22N AR 22 A
Aél/‘:nﬁ(l‘) 51011 /( Snd ’ l ) 510n /( Snd s(t))
£, K(B10)
e fz

K2 . K (B cos}[@(t)]) STEC(2)
A S
(23)
Hirr,
_ ¢
K= 8ne,M (24)
_ /1on
2 lene,M?

Hodr B MG A0 B s MO B T i ; O L T
R HL AT 5 & S L2 B AT (R A O 5 e, S L2 WA
3.2.4 EEREREEIE

25 (1) iy - TR AR08 SO0 L X 2R 5 B el el 2k Dl AR 7
) 2k >f ST f R R I B A 28 e A 457 3000 X R
S B A R R B R A M %) 2 () Sl - T R A LR X
MR (3) KA, A 2 5L b = A B U H i 8 TG 2k
iff et R L ) T 2 o A ] B S g 25 . AT
X [ 5 i 22 B4 ik 22— LS AL S =5 2 A B i
20 R S A A 3, R P ) A s T v B ) N
T B A AT A T4 I 22 , 358 T 255 () sl 3 1 19 B el
O R a] B AST EE X6 T 7 B AR O RE DR IF R 22 i @E
BTN B 5 il — A = DT A, PR ok T L ot
() 3t - b, TET PR 0T 0L ) i B 5 fﬁﬁ&ﬂﬁﬁmﬁ%,
PEAT B A St K 81 2 Ao 92 g 2 , — M SF 153 P [ S I
i 22 7E 4 10T AR R E 1, I HL AT AR 8
b Xl VR e % 2 R %) T b T AR Ry A b A
ZEmIHEIE.

4 B b U BT ST b X33 {5 I IR I8 B 4 i
4.1 FEAERE

oY7L U T [ 3l ) S IS AR ST Al
(A A Bk A X R T AR AE 5 2 4 1 G R
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R 2 i 07 B0 7 58 Sl 0 T 1 T Joe Bt M g A3 LU o)
BOR BB RIE .

HARAE By B 2 (] 3 5 44 T 305 0 5] G S [) 26
TR It b R ATTox L B R AN A € JEE AN ), IR
=UASE 2 A I e AT R b IS L X s TR) il Y 2
SENESNIRYE - SUE HEE k= PN N B ) /A a0

B, i 3ty D)7 P PR 2 e P R AR I AL (P22 ).
O T PRUE R A I RS R S B O — 2, FRATTAR
T 0345 R ) A T B A R L U
R 3 K, R B2 48 A RS = I 43l 0L K 4
XoF AR SCE 375 4 F 4 B M I L x4 R i AT i
Kk .

x2 FEARREE

EERes [P S IR0 e B

S ZE U S AP (2x107°@1 day)+H 5 S48 (4x107°@1 day)+ = | fii K23 25 18]35 8058 (hitp://www.cmse.gov.cn/gfes/zekjzedes/)
R (3R BB ARIRE: 0.2°

Sz 23 [ E AP (2x107°@1 day )+ T B 84X 107"°@1 day)+ = | 4585 E #L(Precision Orbit Determination,POD)i%#%: 10 cm
AR (280 T AT AR PO AR E 12 25:3 mm

s 23 G G (2x107°@1 day LTI EHN(4x107°@1 day)+ | KRS HRZE: iE=0.5 °C,iJE=0.5 hPa, T /£=0.5 hPa
=R (AR ) H TR 17 : P 22(34,108,550)

- 2 A G (3% 1077 @1 day+HE T EEN(4x107* @1 day)+ = | IR RG24 0.5 ps(HEME BhSOGH), 24 4 ps(E41)
R () D5 FARIGHHC: 3 day, REEHHAL: 1 s

4.2 BISREEXSIEREST IR

TEARTR 5 S8 5500 °F 43 3 JF & 3 day 1Y) AL b s 43 LY
XA FLAE: , DA =080 48 I O DA R 3 ot A LA
8 A B 0 e I U P 22 A5 B R A TEAB IE & I
RGEVRZE G AT LA 5 R A X 22 i B b 22 I
T R A R 8 X AR G 2 0 RS S BRI
BRREPE JE AT A TR EAS 2 R a] B A L X 2 1 B R 4
W JE R AR IR ZE A, RHE BR AR IRZE RN T A
Hi I R 22 A B PR S T R B R ST R
28, AR Z I (Root Mean Square , RMS) {HAT
S G XA

TEMFS L b ST 2 366 (%) S AR oy, TR AREAFDG b 25 1 LU
PRGBS —N OGN FE bR . AR 22 02 i AL ST
B2 S 7 R 1), FOKG FE £5 32 B ) e 11 [T R 75 R I 7

SRR RIS . U1 3 7R , A SCHEAR R 7 L7 28808 T
(DL 2) 3545 2 Ity B b 05 b 2 5 =B X
S ZE R EEXPRTIE . 760758 1R, B 00T e s Vg
IKPAR 4 8 U i T A e 2 1 i B 2 A ST A
HOU Y LEXPRE S LA BT 25 5% 3 B WM HIAR SCROE B IR
JEABFFAE BRI EE B AR AR 1R 22 , HLR K20 T 3k
B g [ A W P KO . 8 2~ B T AR IE R g i
A5 Tt b TR NPT LT R 0 0o 725 T 3l o 2 e
TG BRI, 3 TR 280 L 2 (] ol R A R B v I
A AR Hh 2 ] s 2 P B ) i ey (o A A2 st
FOXPRS 54T (R BIE B IE R B R SR AR TR 2EA)
SRR PRI EERAVE . SR, £ IYI ]
JOBE b 2 SRR ARE T AR 5 e 22 19 FE PR E 423 T Do
BB 2E HORS RE K

F3 s BIET(E) (6] R A 2 bt B ST L 3RS B St 7 ps
- FFATE L X4 BE(300 s) FPARE L XA BE(10 000 ) FPARE LU XA HE(86 400 s)
JFhn 2 filt S 2 2 itk B A 22 J5 i ph 22 fil S 2%
ES 1.9328 9.9416 11.126 7 14.867 0 30.593 6 31.6169
JE2 0.698 3 3.798 2 4.047 6 55612 14.809 9 15.286 6
FE3 0.175 6 0.623 3 1.0147 1.1858 25311 2.6113
VEX 0.018 2 0.596 9 0.102 6 0.609 5 0.367 1 0.705 6

N T B — A AL I R R PR RE L
Bh 2% 119 A8 75 22 (Allan DEViation, ADEV) 3k P14 Bt 45h
ek,

K3 (a)~(d) 25 T WUFORTR 26 R B2 [k ah 22 |
H 2% | JRLR AL ah 22 A = A AP 25 1 ADEV i
2k NEERORTE 4 1~4 P RIR A B0 22 ADEV £ L
-5 B RO T ThPERERC2E R 81 ADEV 2 &, IRt m]
DI e b A S i 2 AR S A 22 A8 T LA SBR[ 55 i A

SE FEARVPAR 73 BT AR SCHR H 1 I 31 LG X AR PR
e 4 AT RIS J7 58 1~4 FE S ] AR A 334 2 e 1
ZE T I AR PP 22 A ARE BE , 33X T RS Hhy T ARk 17 Y Fl P )
S A 22 EE R B B IE RGIRE IS AR
g P S T D e 2 52 0 A M ARSI P (P 03
SISO SR L STV AR TR R A 2
SE LRV WA AT DR AR B 22 IX T W] 28 e TR] ) -2
R P 22 AR P A3 2 T ) , AR RE— I o] B (B
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SRS - ] 2 )l PO e 2 M A0 L X HE AR B HA A 8 6 3 B 1247

THERRE LR . R, SR A A T e Rl
AT IR VAT B HURHR LU X, BE R R G R 22 0K
JEIRF T ps B AL e A A P X R L

JIREE PEAR I 32 B BER AR AR IR ZE Il 2, TCIE o 2k I
TEULE T I 8 EL SRS (e R R ) AR R AT LA
ARG B R AR AR 2 1

——m TR
- — = — RN
T 2

M B 2

10714

_
S

E
£

Allan Deviation

I § 1

10! ) - - = o 5
10 10 10 10° 10 10”

Average Time/s

(@) T
1 —— B b 7
1) — = — R
107 4 A 2
& M
™~
5 i
S0y TR 1
3 il
=
10719
1075 ! = 3 " 5
10 10 10 10° 10 10°
Average Time/s
(c) HE3

! - A b 2
~12) ~ — = = R M2
10 T ERUETPE
eal, N b o 72
_ i
2
2107
)
a
E
=
10716
107! - - » -
10° 10! 10? 10° 10* 10°
Average Time/s
(b) %2
————— JR g b 22
10-12 - = = R R
Y i I
< b B 22
™~
g Bt
= ) N
g 10 HL. NG 1
2 i
5
<
10716
10! 1 | i 1
10° 10! 10? 10° 10* 10°
Average Time/s
(d) 154

RN WES UE PSR IIRAE &

F4 BB E) 8 R AR M IS0 L X 3R AR AR TE B it

BT E JE(86 400 5)

e AR FE BE(100 s) AR FRE (10 000 s)

'7A . . . . 2o . . . . - .
SRtk h 2 fif a2z Jrh a2 fif A 22 YGRS fif A 22

ES! 5.621 1x107* 9.114 3x107"* 6.076 4x107° 6.122 3x107° 6.125 4x107° 6.126 0x107"

EY) 1.993 2x107 6.187 6x107* 2.185 4x107" 2.2653x107° 1.8326x107" 1.834 0x107"

HE3 5.000 5x107" 1.156 8x10™* 4.637 1x107' 4.758 4x107" 1.6322x107"° 1.632 3x107'°

VED! 5.226 7x107"° 1.044 1x107" 6.195 7x107" 1.209 7x107' 2.856 1x107" 3.050 5x107"

5 FTRESEHH DRI IE K& 5
20224F 10 A 31 H , v [543 )l “ A8 R SL g0 " #5 2k
P AT X 5 A B ) R A T BILTE , B S T 46 2 () sl %k b
B R 3E 15 D) RE R, I 3% FIHARAG L (%) ST Bl
b T BRI R 2D B A L X B0 BT .l T A [
A TR, 32 Sl I DR 1 s ] 3k 5l T 3l g K ]
PN B > H A S ] (B 3080, B R K24 4~6 9L, B4

B FFEE 4~6 min /245 . 2023407 H~11 H , R Z K
AL A A bR, 759 2] 4 5 R (07-21.07-24.08
~09 ., 10— 11 F1 11-04) =S5O0 B | 4 K 36k BOH: h—
AN SRR B 2 W B EA T 40 BT L A 9B K 24 300~
400 s (K | B Pa] 1] B R 1 s, 1) AR S0 i e
Pt AT Ak BRI 224G S, — 25 A B M T S
2% [va) sl B 8 R X A 22 | LA B 25 0L G AR 25 25 R
[l 4 s, AT LA R0 5 (115 2111 300 s AL A AT L
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