6% 553 ) w®ERMNZE R Vol 6 No.3
201946 H Journal of Deep Space Exploration June 2019

“IE 457 R dE 2 TENNIE G Rt 5t iuiv ik

BRoomk 20 sl4E, g, WA Fm?
CL AR AT EEHl 0, A63E 100094
2. ERFER HERL A, d6a{100012;
3 ERFERE BRI S, 5 EATE830011)

i R WL R Nt /81 7 W= R B el 1 - B S e B M 2 52 V1 U Sy T O = P o= Ko B WS R N
PRIAS FATME 5 AT RAEIL T, I B AR e+ 2 MR T AT Z A0 J+ AR b MR SR B 15 5 AR B 5 7, K40 % = 3%
ST RATANIE, FE AR IGRN AR T RN SRS, BT A B A A R I IR 5 A T S 2 B K R 2
Wz, IRl 2 B I BENLME A K RS, R T AR SO 2 e S R A I R A 2 AR . AR
BB AR AT I8 2 S EE AT L, K 3 Fh 2 B AR i N R 2 G VR, JE— 20 VAl AR T7 SRR 2235 i
ARG S . BT “UEiR 457 Ak RETERSNRIGHAR AT K W BTk 150 2 3 R B URS 8 10 mHz, LTI
2 il ot N 22 A 2R 5 SR R AR D T 2 A B . WA R R 2N AR N 0.2 mm/s, A
BREAIE TR TR A, 5 SRS PRI A5 HUBE A & R B8 T BRI

KR URSITRINGS: W, 288 R, ik Srhdks

FESES: VI RKFRIZES: A XEHRS:2095-7777(2019)03-0236-05

DOI:10.15982/j.issn.2095-7777.2019.03.006

S| AR BREg, W, wiavE, 5. W4T R AR TTIRIE T S SR IR R[], AR A
i, 2019, 6 (3): 236-240.

Reference format: CHEN L, XIE J F, HAN S T, et al. Open loop velocity measurement scheme design and

verification of Chang’E-4 relay satellite[J]. Journal of Deep Space Exploration, 2019, 6 (3): 236-240.

[l

&1

PRARI R I & 32 B o4 il 2 07 A7
DASEEIL, 32 A4 08 R s R 28 A I s ek L5 0
M, Ho 3w EKIEL T WI&E (Very Long
Baseline Interferometry, VLBID) J7 3 SZHILGHAE 25 #-0
A (R TR W A o DU 0 TR R 2 R 8 AL ) 7 )
IS 2 R BURE,  VLBIXHR 25 BRI 2832 3h #LZE T 17
J7 [ ENE 29 R . FRIE R A I T R G 2 A
T IRE R PR ) S FE TR RS, AR
WrR sl o AR B IRIR S uE . YUK EL T
DA S AL R 2 T 0 AR 55 h oL s, 3 B SIS
TR TRIN 23 1R SN 5 5 5 ks T &, 58 BORt
TR R S R 8 B TE W B AR 550, BlandE “ il
457 mREAES T, ZRGATYE CATHE D
WH BB, HEREIMA L2 B, L2 sl 3k

W B 2019-01-07  &[HHH: 2019-01-27

Bty L2 A A UIE Boos o gk B kAT SE R 5 3 R
M. RAEMETFBNERGE— TR T AR
PRI 2% 52 BRI T R B I AE L B HE SR R
Sy J7 T B TR AR R S A % VSR
(VLBI Science Receiver, VLBI B} #2058
RS RE JT, ATy kG o P 2 0 B 2%
PR, DA SO T — PR 25 e kG B T S0 77 2%
A R 2RI A 5 T AR B S R N B S

E M A2 2% E I T B0 PRSI & R R,
A IMREE T RIS S B E N B R AR R R, H
R 2 S0 T 2 R 28 BRI Ty R S B i e
TEe ARSCHREH T — P el i ] VR 2 BRI 25 1 v b FE O F
T %, R E R WE TR RS, 17
“DEidk4a 57 - “ESH Ak EARS IR TR E
EiREFE L o0 b TAE, e S8 B VR 2 BT 45 S it
PRAL T — PR B R B E N B T

BEIH: RRWHEEIE “RAAT RN R RMFT I (6142210011005 HAAKGURHLHT L0 H BEHIHE “R2 &

KR = F AR (060401)



3 3

WA “URIk 457 TPAREITIR I TS St Sk R IE 237

1 ETF Rz
FEERIT

SIS TR M4 T B R S A S P PR
W, X BT RE. TRR TP ARG RS
PRIMAR 5] FERER, ZIRe R IR Tl R4 5%
SEEIRAE T CASE I DRk, ARG 5 R b B R A
TP BB R AR D . SR A% 32 3 2 AR
R R, M R 3N A, R 30 B EEAT
IR .
1.1 EHFEPMNERERELRAR

TR T W2 R4 HE R EId R X
P, AR ERINES N ATE S il s R
FEIRMGE T K A% 5 B R A 10 R 7 AR R 2R
& NATE SR A, 2 AAE R S IR 48 10 32 800k
DOR ] % % B 15 5 R E i il 5 h AR, R4E
THE A RO AR AR AR BRI 2 R N ATAR . 28T
IR EEWE . (£ “Uiik4 57 Sk B NE R
ZH, N7 AR TR TR, SR 8 IEE K AR
o, XEFEG, R REATHFHNE, %
P T BPOEE R LK RN S T E SR R
B A 98 38 5 1% B A 50/100/200 kHz, AL AL 3R 8
bit, IX A B A2 R 23 PRI 25 AH X R 23 s Bl 51 1)
Z AN BWTEE TR, MhORR A IEE S AN
TNTEFRHE, RN RS (E 5 B EKR, A2
TAOUL I RO SR A H 1 .
12 FRRZEUNESHERINAR

FET REIWF M VSRS W R b s, T
B0 5 5 B A S H K B AT SRS FE ARG A
PEEL,  SEINT I MR A5 6 AR 00 R 1K 22 A
PEE, T A BT RS P PRI W . ASCRA T
& A B AR S+ 3 B2 MR A Z AR 45 5 A Hh
MR RIS S AT 7 5, SEBURHRIN 2% 32 2 A2 vy
FERESEEL . HAWE G EBS AW, FIHES%FFT
(Fast Fourier Transformation, {# BLIHA54) J5xUs2il
X} B ARG s R B AR R I T 3
WANZE W GHE MR CZT (Chirp Z-Transform, %%
PRI Z 2> J7iEAHE S B E AT 404k, 42
FOUBE R R ) B AR AG THE: AR5 T CZT 3K
B S B A v, A R R AR AR Y,
T A B AR 25 IS BRI R, I 2B, S5 5
PRIMAR RS HEE . AN, BRI £ 8E
SR, B E R EAE SR SRR A R AR
WIEEAR ST BAHIE B, SR U i KA AL AR
KAADL, ARIEAHCAROLBE RS BRI S R, Aok R A

W8 ARG RYINER 5

BAH, 450 CZTHRMERIBRGRME, R+
RUP A AE RIS B0 PRI 25 K P R BB E,
[IE REERR LI ES LTI

FEULTT S, I B EPPROR A EE 5 A Hh E A A
M, R .

I CZT 3R I B AR AE, RIS 5
B, PG 1330 B ERPAEZ AN T I (H] ik X, WG
W EC BN 1B, BISRAS B AL . H matlab
B E ErsREsn (D Pros

p=polsfit(t, = (fuu = fiy) 1) (1)
Horb: p RGBT H S 28 CRII EARBR &
O WIAR; f, 8 CZT 3RAS 3 8k A2 it 1) /5 471 5
S N ZR IR ZTHR . 1SN E RIEN E 2R
HRERRF KRR, N E R R p IRAG I IS
B ZHp,, Hmatlab FEERE W

p.= {p(zl),p(Z), 0} 2

TS BN E B 1, = polyval (p.. 1)

WKHE I ZERE A R A, fEAH B RIS FAT(E S
B, HERIE

Ve = €08(2 % pi % fo (1 = 1) = 2% pi < fioo < 1) (3)
Hoe po  NARMERE SEA, £ IRl R

W EWES S5 H G ST s, %
HE5 DA B[R] AR 43 i) 8] B B #E AT FFT W05 40 #fr
I R AE S R AR Bt LA AL, RO AR
FAOL, 15 B AL IR 31, R SR AR AR AL P )
BRI AR AR p s w0 E £, BUERAG R 25 S
1T FE R ANZAG VA
13 MELHREEXHE

FET IR AT 20 & R GRS IRI A8 F 80 %
AR, 5. IMC (Interferometry Measurement
Center) , 55V 7% ik 77 1 £ SR BRI 22 305 39 400 22 )
fd, 85 : DTE (Data Terminal Equipment) % 21
BB AH AL I 1 22 S E A (05 : Phase)
FELRUER bR —BUH LT, BTN, PR AR
75 BENURSEE o FF0E 3 P 22 30 B i e S N AR 28 1K
SERNREY,  HE— 2D VPl 22 37 0 00 T 440 0 K 2

2 A EEEIE
BRI R G b gk B L2 sl
PUBZAT, AERURE T IEAR S L H S AR
UL WRATERZS Y, B H SRR A AT T,
BT UL D7 PRI T B H AT IR 5 P 2



238 DR TRI 4R

2019 4F

6 H20H, JbatiRz= IR h ORI T 2
TEEARMIR AU« AT ol BT I = )
RIGAESS, EARMR DS FAT 3, AR SR
M, R I A AE B (] 16:30—20:30, 94 [ 5
WEARTT RPEHE T 0. HEARNT. WA RZ0R 838
1H . 50 kHz 5 %« 8 bit S A AT £ i KA 1D 5% .
i FH R AR SRR E IS, AT B AR o B an P
Fiam o CAREATI 28 S B0 AL B4 BT e, TF A 5

40

HR1E/dB

BRI TE A 1, A8 B A2 fhe+ [ 3 N7 2 1 R 43
ZARAE S A A R S A BT R, RIS
A B B 2 W AR, (RN [ TR Ak A SR
() DTE 55 Phase #ll 1 2 ¥ B A4, H&5 R &l 2 pir
e B3 NZEEPRMARE, ATLE 3 8
SR IRHRIN &5 (TR LA G R UK. K4 IMC 3R
IR 22 0 B AR 5 2 A SR UK DTE . Phase %3 #10
I LB o

40

1
S5 020 25

_100 1 1 1 1 1 1
-25 =20 -15 -10 -05 0 05

HiF/10'Hz
(b) MEH-R A

1
10 1

BT FARHT, AT R bl 1 v 4 B T R A
Fig. 1 Relay satellite carrier FFT spectrum of JMS and KSH deep station

g
]g
T
_100 1 1 1 1 1 1 1 1 1
25 20 -15 -1.0 05 0 05 10 15 20 25
HiF/10*Hz
(a) HEARWTIRA M
5 1000 - DTE
S or
% -1000 -
2000 t . . . . . . :
90 95 100 105 110 115 120
i 1000 [ - Phase
> 0Fr
% -1000 -
—2000 t . . . . . . :
90 95 100 105 11.0 115 120
~ 1000} - IMC
o of
N
g —1000 |
T 2000 t . . . . . . ;
90 95 100 105 11.0 115 120
HE (UTC) /h (2018-6-20)
K2 mgARs sy (DTE) MBEZ W H). Rk MAL (Phase)

ML EE) . FWETHMEAES PL AMC) I 2 Bz ss R
Fig. 2 Doppler frequency results of baseband velocity in KSH station,
accumulation phase

N € ' VAl DTE. Phase 5 IMC £ % ) 5 %
B, X BEIFE IS AR R 1 R

KI5 b dk RIS E SR I A EEAR . A
A SRR S uh I AR 2, BT S IMC ()R 2= .
Dt — 0 LN RE B, B B IMC R ) R B R
2l D B 2 G P 6 T o

MEL KB 5~6 45 RATAE H, AN, BAHE

% Hz

90 95 100 105 11.0 115

g 02 - IMC
M 0 h e
R

-0.2

90 95 100 105 11.0 115 120 125
B (UTC) /b (2018-6-20)

K3 ARl ik A 2
Fig. 3 Residual Doppler frequencies of KSH station

A 2 %) (DTE) W . Bk 300k 47 fr
(Phase) WA ETE 0.4 mm/s (1o) LN, RS

WMEATRSH L (IMC) M5 0 52 K8 e H 1 0
K& B 4E 0.2 mm/s (16) . DTE/Phase/IMC )22 3% )1l
AR, IMC 7E (R 25 S5 BEHLZ 5 T AR TR
UG ET IR S R, ISR TR A A T S
Hh 24k B F I 5 A A e A TSR [ mT AT P T R



3 MR mR&E: “UEiRk4 57 rpakEIFIRIINE TS it Sk IR IE 239

90 95 100 105 11.0 115 120 90 95 100 105 11.0 115 120

FfE] (UTC) /h (2018-6-20) BHE (UTC) /b (2018-6-20)
(a) DIESIMCZ/ 455 (b) Phase 5IMCZE />4 5

K4 WEATERZE DTE. Phase 5 IMC 25 B2 oy P 72 43 45 SR
Fig. 4 Differential Doppler frequency results among DTE, Phase and IMC

%1 DTE.Phase 5IMC & LSRR EE E 2T

Table 1 Doppler frequency accuracy quantitative evaluation among DTE, Phase and IMC

AR 23 0k AR 2 il
VAl 2 VAt /Hz VAl 2 B VEAt/Hz
DTE % ¥ #) 5 7K 7 0.014 046 DTE £ ) 5 7K 0.019 296
Phase % I )i 75 7K1 0.014 029 Phase % ¥ #)) 75 7K1 0.019 295
IMC % it 75 7K1 0.012 466 IMC % 5§y 75 7K1 0.015 793
IMC-DTE % % ) fiw 25 335 7.226 9x10° IMC-DTE % % ) i 25 )5 2.173 4x10°°
IMC-DTE 2% {22 (1 35 5 iR 1R 22 0.004 673 4 IMC-DTE £ #lfis 2 [ 5 7 AR 1R 2% 0.014 554
Phase-DTE £ 3 8w % ¥4 2271 2x10° Phase-DTE £ #f) s 2 ¥ 1H 2.984x10°
Phase -DTE 2 3% )i 22 1) 35 J5 iR R 2 0.004 630 3 Phase -DTE %% 8l 2 1 ) 5 AR % 22 0.014 555
DTE-Phase % ¥ {ii 2 ¥4 {5 -4.9557x10°° DTE-Phase % 35 #) {is 22 4 {E 8.106 3x107°
DTE-Phase % ¥ #fi fii 2 (1735 75 i 1% % 0.002 316 4 DTE-Phase % ) fli 7 (173 75 Hi 1% 72 0.000 218 9
0.6 F
15}
04}
10 |
0.5 w021
o &
& 0r ﬁ ot
1=
g g
5 s iy
= = 02t
= o} g
< + KSSK— -0.4 ’
-15 ¢} KA « NANMEL-- E
« IMSSK-- . . +JMSSK--
-2.0 L : . : . : s . -0.6 k. - . . . - - . .
6 8 10 12 14 16 18 20 165 17.0 175 180 185 19.0 195 20.0 20.5
FHIGI 1A] 2018-06-20 (BIT) FrUGT ] 2018-06-20 (BIT)
5 JMS/KSH/NANMEI JI38 Ik & i S5k 22 El6  IMC HREUM 25 I o i ke 22
Fig. 5 Combination orbit determination residual based on velocity Fig. 6 Orbit determination residual based on Doppler velocity
measurement of IMS, KSH, NANMEI stations measurement by IMC
3 4 0.2 mm/s 7KF, HREGUE T AT AT,
ASCEREH T —Fhmok B %8, B TR I & £ X M
“}F“ﬂl = 4, e 3 =1 Ipk NIl E= % JAN ) ‘ o
TR, AL R4S T ;Hi%“ iﬁwjz (1] MRS, oA w25 R T BeBR T R 3 5 FE 5
T e N3 SH7 %7 +H. W
BRI, B A7 SARMUE b 4k B2 2235 ) 3 S BURS 1 B2 F 4 BT[], VRS R34, 2014, 1(2) £ 146-149.

E j"j 10 mHz 7J( EF‘ ’ H‘ ﬁ IHE i-FjL % jEle %j {)rlﬂ JE 5{‘%5 E ?"j TANG G S, HAN S T, CHEN L, et al. Analysis on interferometric



240

DR TRI 4R

2019 4F

(2]

B3]

(4]

(3]

(6]

tracking technology by China deep space network in the Chang'e-3
mission[J].Journal of Deep Space Exploration,2014,1(2):146-149.
HRAA VA RS, RIS , 45 . DOR I [ & B AR Y 88 0 5005 15 S 08
B[], MR EE AR, 2014,23(2):91-94.

TANG G S, HAN S T, CHEN L, et al. Algorithm and demonstration
of DOR tracking model reconstruction[J]. Spacecraft Engineering,
2014,23(2):91-94.

R, RS, ARG, 45 . PN [ AT R0 T 2 - 1 P
IYHTLI). AT ARIE 254, 2015,34(5) : 407-413.

CHEN L, TANG G S,REN T P, et al. Application of CDSN interfero-

7

[8]

PRI, SR BRSIE , b 5 45— T PR SSRGS R
FH[I]. BwEMRES,2010,31(6):26-30.

CHEN L, TANG G S, MENG Q, et al. Research and application of
satellite signal frequency accurate estimation method[J]. Journal of
Telemetry, Tracking,and Command,2010,31(6) :26-30.

PRI S ST Sl 25500 48 BT o RS o R 2 RSO T 0 D &
BRG], RN 244, 2018, 5(4) : 382-385.

CHEN L, PING J S, LI W X, et al. Juno radio open loop measure-
ment experiment basedon China’s deep space stations[J]. Journal of
Deep Space Exploration,2018,5(4) :382-385.

metric tracking in reentry return flight test missions[J]. Journal of [9]1  FEWS, FEhA, 5k W, 25 . e [ R 25 0 A T 2t - G JE 74 2 BA
Spacecraft TT & C Technology,2015,34(5):407-413. A B RIS D], S R4 2017,4(5) :491-492.

JHRRSE, WAL VS R, L RS R X A DOR Wl R 5 CHEN L,PING J S,ZHANG J H, et al. China’s deep space netwoke
K& BE AT 0], 712554, 2015,47(1) :24-30. tracked Cassini’ s crashing into Saturn successfully[J]. Journal of
TANG G S,HAN S T,CAO J F, et al. Model and analysis of ADOR Deep Space Exploration,2017,4(5):491-492.

tracking by China DSN with tt&c mode[J].Chinese Journal of Theo- [10] TANGJF,XIA L H, MAHAPATRA R. An open-loop system design

retical and Applied Mechanics,2015,47(1) :24-30.

I, WIS SRV A5 R TN I E RS S
o R 23 AT [C/38 = — Ji 4 B A T SR 2 AR AT i 2 L AR =
5 b A A R A AR B 22,2018,

SRR L BE R, AF K5 KRB ST R ERER ]
LR AR L, 2009, 18(5):6-11.

PING J S, SHANG K, QIAN Z H, et al. Open loop tracking for
Yinghuo-1 martian orbiter[J]. Spacecraft Engineering, 2009, 18
(5):6-11.

for deep space signal processing applications[J]. Acta Astronautica,
2018,147:259-272.

AP

FRBEC 1983-), 53, WA 90 A, 2 B0 90 07 0 < TR 25 T 2R )
R AT B TE AR E S HERE 17 S T TR .

JEAE Mk b BURE X 5130544 1205 (100094)

FLi: (010066365902

E-mail: chenlue@xao.ac.cn

Open Loop Velocity Measurement Scheme Design and Verification of
Chang’E-4 Relay Satellite
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(1. Beijing Aerospace Control Center, Beijing 100094, China; 2. National Astronomical Observatories, CAS, Beijing 100012, China;
3. Xinjiang Astronomical Observatory, CAS, Urumgqi 830011, China)

Abstract: An open loop velocity measurement scheme is proposed for the high accuracy orbit measurement mission of deep
space probes. Firstly, deep space probe’s downlink signal is sampled and recorded by narrow band model. Then, the probe’s
carrier signal is processed to extract carrier frequency based on the combining signal processing method, which contains FFT, CZT
and local re-construction algorithms. Then, the probe’s Doppler frequency is obtained and Doppler frequency’s random noise level
is estimated. Finally, thethe Doppler frequency obtained by the proposed method is compared with the Doppler frequency based on
the deep space station’ s baseband velocity measurement and the accumulation carrier phase velocity measurement. The three types
of Doppler frequency are utilized for the input observations of orbit determination system to evaluate the absolute accuracy of the
three types of Doppler frequency. The real signal processing and analysis of the on-orbit CE-4 relay satellite shows that, the
Doppler frequency accuracy in this paper is at the level of 10 mHz, which is better than the Doppler frequency based on the deep
space station” s baseband velocity measurement and the accumulation carrier phase velocity measurement. The probe high accuracy
orbit determination results show thatthe velocity measurement absolute accuracy in this paper is at the level of 0.2 mm/s. The
effectiveness of the open loop measurement technology is successfully evaluated for China’s future deep space missions.

Key words: deep space probe; velocity measurement; Doppler frequency; accuracy; CE-4 relay satellite

High lights:

e The high accuracy open loop velocity measurement scheme of deep space probe is designed and implemented.

e High accuracy open loop velocity measurement results of CE-4 relay satellite are obtained and verified by high accuracy

orbit determination.

e The open loop velocity measurement accuracy of the deep space probe in this paper is better than that of China’s deep space

station baseband.
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