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ranging system for the low-low satellite-to-satellite tracking gravity mission, and achieve the
efficient suppression of the key carrier frequency noise, as well as the elimination and correction
of the related interference and deviation. According to the theoretical analysis results, relevant
processing and analysis procedures are developed. The residual between the dual one-way ranging
data product completed by this research and the official product of GRACE Follow-On is much
smaller than the design requirement of the payload, which meets the accuracy requirements of
gravity field inversion. Evaluation and analysis methods for electronic noise, system noise and
other noise in the final data product are discussed. In this paper, by introducing the frequency-
domain analysis method of the spatial inhomogeneity of the ionospheric free electron content, and
using the inter-satellite microwave ranging data, the ability to analyse the variation behaviour of
free electron content at different spatial scales and its global distribution characteristics is
realized, providing data support for the in-depth study of the ionosphere. This research can

provide relevant technical accumulation and reference for the data preprocessing and analysis of

the microwave ranging system for low-low satellite-to-satellite tracking missions of China.
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Fig.1 Schematic diagram of GFO spaceborne microwave ranging system

FE B STHR IOy R AE 3808 10 Hez 19 5046 5o » %
FER B E 5t A H USO 2B B T3 46 B8 i o $icf%
F 45045 i 3 b 1T BCHE o it — 25 4b 3 (Thomas,
1999; Frommknecht, 2007).
USO A B A7 7545 8 A K i P & i 2ok %5 400 i e 3
i K/ Ka i 5 S A AN T2 g PEMR AL g ¢ I 20 6k
B
$: (1) = ¢,() + 8¢, (1), (i = C,D) (D
Hor ¢ (o) JRARFRAAL . 8¢ (0) & K/Ka # AR A
FOEME T AL A L 4545 i =C, D #3id GFO (1)
C.D E. [ali} . USO A e & 45 25 51 8o 19 R+
B[] 8 AN 287 50 M. AERR AR B[R] 2,0 26 ¢ 30 T3 AL 1 i)
PRARZE N ¢ = ¢4 Aty Ar; Dy TR 25 AR X B B 16 1]
M 2. 75 ¢ P20, 0 DRI EIMOR B 5 B 1Rk
RTINS
§ U+ A =G+ DL —) + D +d +d
= ¢, (t+ At — 7)) + 84, + AL — 7))
+I+d+d, Gj=C,D) (2)
Horby ¢ GHan—o) AR B R+ At —1)
20 % B SR O s o) Fon e ;) DAES T
B KATIE] (TOF, Time of Flight), I R FMIEE
SEEM R A AL 25 ) B AR
Z AR AL R PE R A R 25, & RRER G
WP AL L o R R A
i BARMZ AL S BBk B R WK
AHAL, J8 2 A 2 @ B Y 22 43 A A7y (Kim, 2000)
i+ At) = ¢+ A1) — ¢ (1 + A)
= ¢, (t + At) + 8¢ (¢t + AL)
— ¢, L+ AL — 1) — 8¢, (1 + AL — 1))
+I+d +Jd+ N, (G, =C,D)
(3)
o, N7 A 550 SO AR B . 8 IS e 7 Mg
P 8 (1) 3 S A I 5 JK M 7 00 g 43T L Mg 7 7

Ay TR TR A A H USO FF 77 AR 19 41 o7 e 7
HBox 13 B R E KBR 22 43 A0 467 H o P I 76 4G 0 A%
HER AR % 2 5 o 2H & 72 7] — i 2] 9 B KBR 2
pan SR AR P TN R # & e R R EE VAT
25, UL, 41 A BUR KBR 2443 HH AL J5 FF A5 114 6L [r]
AL O N
Ot) = ¢. (t+ Ate) + ¢, (1 + Aty)
= ¢ (t+ A1) —¢p(t+ Ate — )
+ ¢ (t+ Atp) — ¢t + Aty — 1)
+ 8¢ (t+ Ate) — 8¢y (1 + Ate — 0D
+ 8¢ (1 4+ Aty) — 8¢ (t + Aty — 1)
+ (N2 N + (12 + 15)
+ (dl +dy) + (@G (4)
Horpr s 225 A0 7 FUMH A7 W FS AT AR AR Ze Pk S T
$(t+ At —1) &~ ¢(1) + fAL— fr. (5)
d¢(t 4 At — 1) =~ d¢(t) + 5f At — dfr. (6
B (G55 LARX (), 111 GFO 18 bR FR I %1 ¢
F18) XL o) B AR A AL
O) = (ferp + ford) + (Sfeth + 8fpre)
+ (fe— o)At —Aty) + B fc —8fp) (At — Aty)
+ (NCH N+ U+ T +di+dy) + (e + ).
D)
Hor, 55— 35 B A A A D s A A7 5 57 00 s 2 A
RORFREVER L M A 5 55 = 0ok [ I R) AR 25 R 22
5| S P A AL 00 S M 7, 28 GINSS R [ A o I 15 22
/N T I BT, AT Z W AN T 5 B DU I Ay A % M
55 I (] B 25 15 2 WA A 00, ) 20 AN T R, X
T GRACE/GFO i & » ¢ 5 ) 225X L9204 0. 05
ps /N TR CATET ] o1 ms, lIL A = o =
cp» W75 — I AT L DAy
feth + ford =~ (fe+ fu)r— ABr0e () s (8)
Horfr AOror (£) Ry ®AT B )5 1E. B 2K (7 B4k R X
Iri) SR Bl A O A () B



54 G LA ARG R T TR TR N R TRl T B AR 0 i A B 1949

@ (1)

R() =
S+ 1o

g C - D
= (0 — Bpro (1) + ¢ Metn T3 ore

et /o
NEANS | I2+15 | dl+dS
o= te Pt
P P A P
D C
. ((‘+(D
T T 0

O B IR ¢ I 20 F IR IR L ) L A5 I R OR
RAT I R IE o B = 303K 8 R AR e A A I A e
o1 Y A ) R 7 R 0/ T RAT I ] <98 K/
Ka 45 B X fin 2L 008 A M B2 18T B Ric /Ry,
1.2 T¥{TRHEFIE

WAL 2 7R+ eqr, 3275 WURL ¢ I 200 B2 i bk e
BRHLLR A BT A o BN ¢ — oo BEZI D TR R G
(OB S ¢ 20505k C TR I KATH B (7%
KAk Ay o D 1R LR AT ] <2 B0 RS 5
b Fom t— 7y W% C TR RSB AS B 7E ¢ I
Flik D DRER CITH B MR E A £RC TR
Z i O KA ) <, B RS T O A U il
ik B, C/D R4 B RAT O B Bl Ok AT
PEBS ol /pn 5 00T AL ) Y L ) BE LA o A AE DR
2. HE 2 U ER AT ol = |pey +Ap | PAS o)
= [pecy — Ac | B i 6AT I B 45 2 B A
Wi o << o << o M T AT HE 85 15 R ) B B Y
A 2 R o A0 2 ) 00 B A £ AT I P 5 O

/
/

/
/I DA @(t-tP)
Ap //

CR@(-15)

B2 GFO XUREIEE 5 5 500 H5:

Fig. 2 The relationship between the instantaneous range p

C D
and one-way range pp, 5 pc

TERMBREA EPERRNA = F - Horp
o N i TR L Bl AT I ) A R 0 Bl R
[A: [~ 10 m, [A; | < p B/ FRUR B B I, &
FTI [ IE Apror AT KRR H

. D
Sfe oz * (ew

A(OT()F -

s Fe) — fpe Tg « (e * )
JeT /o )
(10)

HTF Yan 2202 % GFO #0505 5«

A7 I TR) 96 TE 9 16 48 20 A 5 108 s ol AT I ) 0 O
FRORE XIS RN X KBR I 3B 50408 1) 22 i izg /) F KBR
ARGV bR - B A SCHF B AT B ) 47 A i 4
i 22 B ) JHLSSONE . R R 18 250 X B I AT IR T A
S TR PPAG 1 DL SCHR Yan 58 (2021).
1.3 BEEREZEHLE
WMk R S EA LR aZh s EhAdh 7

SO AR SE IR . A A i HL T R (TEC, Total
Electron Content) /DI, iZ A0 IR I 0] Fm N
(Thomas, 1999)

~ TEC

I = 7o (1D
Hrep, TEC i) PEM A . TR B ik 5%
HE U o T B . 2 GFO 6 3158 17 B 23 (8] 26
B2 5 MR TEC? = TEC,,. #2515 m
) B L R) R IE T SRR O

TEC? = TECS
/o fe TEC
Aoy (D) = ¢ : == D)
‘01 ‘ f(f+fl) Cf(ffl)

WX Re /R, 47 AT A 15 8] LB 55 )2
B IE ) B Rionofree :
SR~ S FER

fefs—1efo

= jong, X Rk, —1ong X Rx. (13)
Hr, ionk, = 16/7,iong = 9/7.
1.4 HAHhOHE

KBR il 5 2 48 52 b i 5 B2 KBR K £ A0 47
D Z I8 B BB AR AL, LA S M F 2 0] i 4R Ty
1] (LOS, Line-of-sight) {9 £} 3£ 51 # &2 8] 45 17 +}
By, T 5 AR AL G 2Z 1R B Y 8 Ak X AR I i R
{55 77 A TR Ha bl 75 4 A8 07 Ho 18] 4 D B 25 4%
8t hy UKL SO [60) 1 A O B8 85 . A O 0 5 A A s
ML 5C &, Kl 3 Jir s AH A7 H a0 B IE (AOC,

Antenna Offset Correction) }

Rionofrcu

3 GFO M8k s EE

Fig.3 The schematic diagram of phase centre correction of GFO



1950

Bk 4 # 2 4R (Chinese J. Geophys. )

66 &

APA()C - IOI;()C + Pgoc

=— |P.|+ey * P+ |Py|-ey « Py, (14)
He, PO B EMAP.OKRE. B 3 hamE
PEl #em KBR i AH 7 ot 5 B M R R LA
Jor g L.
2 KBR %9 1 4k 3 5 25 53 LX)
2.1 WMKERRE
A LL GFO AL %5 A i, £ H JPL 5 {&[E GFZ
SEBALXT GEO Bds 7= i AT 70 P8 B LIA 908K
P38 b X L0 9B AT B B 4 L T A A DA &
B A AR 2 S5 A9 3 L WG 3 2 Ta) AT LA B . MR RS
06 5 22 5 1E AF G BEFAL FAE L1A 2 L1B 903k
T 40 P Ak A b 52 B B i AECHE R 1 e i

x1
Table 1

GFO #if #i#& L1IA & L1B R B EXH
Required file products for processing microwave data
from L1A to L1B of GFO

A= A TR AT i PIA
KBR1A L1A %% KBR #i i $4
CLK1B L1B 940 7 I ) 725 55 GNSS I i) 47 25 22 8
USO1B L1B % K/Ka B %
PLTIA LA 9 Hcse € AT I il
GNIIB L1B B0 7005 2 2 UEUE
SCA1B L1B 2 52 SR i 2 35 B e
VKBIB L1B % KBR R&M AL H 0K BESE R

e DL BB 33 B NASA 328719 PODAAC W # $2 t, °F 2k bk o
https: // podaac-tools. jpl. nasa. gov/drive/files/GeodeticsGravity/

gracefo.

GFO fii g s 2R = 22405 DU R 3R (K D -

(1) ML P82 5 5w A0 F0. iy F A0 07 31 0 4 5
B T L o S ke A 7 AR R ) — o B S 45
PER AT & (GFO 2 10°cycle) . % 1 e P #2 KBR1A
OB ARAL. Z 5 B X 10l A 7 H 09 B BK . [) 7 55 2%
Wi S8 AT A SR AT A s R AL
2 KE 7 6] b7 P ) A 21 s i DU) S 5 S 0 H0 Tl T i
AHAL 2.

(2) B[] B 28 9 1E.. Sk S5 B0 00 S5 R B e 1 e 7
P 5 AT ) T B SRAEAS S8 ST Rl Ok 1R 25 L T AR Al
IF 7 1E £ 7 i CLK1B ¥ KBR1A B4 B 1] b5
S0 IE 3 GNSS B [H] Jf 4 KBRIA TR A8 A7 4 {4
F 1E J5 1 5 [ SR A a5

(3) BUAT AL [wa) LA 0 FE KR 4l 2 0 AR - 3 X
Tia) BRI B ML ] o 2E 5 0L BAL AR 57 00 ) 4 Ik A
AR P s, a2 (9) 15 3 K/Ka Hi BE i
DOWR il 85 8 #% Ry /Rx.. Hik, 45 A USOIB 2 it
MY RCE K/ Ka 55 B ol i 4 %, il o 20 (13) 41 K/
Ka XUt DOWR U 85 %5 45 15 31 25 B e 25 )2 5% i 19
IO I FE R Rionotree -

(4) RATHFEEFIE. 45 GNILB 15 Rk % 2
BB S PLTIA B (8] Ak AT B ], 58 23 20 (10)
TR AT R IE.

(5) ML H.OHFIE. 454 VKBIB $#24£ 5 KBR
FRL% M 0 % B SCA BUE BARE 5 GNIIB
K 5% VB L 3 =8 (1) T AR A PG R IE L 15 F)
XU JB o [) Y000 B 5090 7

(6) HLiR DUk 5E KA. T KBR RS0 HE
K BE S TR0 I BE A A v ) {5 5 460, 02 Hz D I

‘ GFO-C

GFO-C

‘ GFO-D GFO-D

K‘JBZB%I%%I Immﬁ%
I I

m}z&ﬁ%—'I Ikaﬁﬁiﬁ%
I I

IF BB 2
R IE

e IR FR A 1 |

B |

)

! ¥

Kallk B2 ) g ]

AL 2 I A ORI

PR )R

v v ¥
HARC LR IE AT L AT AR
FARCs R E RS R[EH KT IR 2K
FCF L AT RERNGERE | | A

4 GFO e 4 b 20 i 72
Fig. 4 The flow for processing microwave data of GFO



54 G JEL A ARV IR B2 T ) TR T R Bl e U B AR 0 Kl A B 0 1951

R I A RS R R L PR Db s B X LB 2R
A e AT BERAR AL B S BT IR IR S PG TERE R
FERTIE T CRN 470 E & I8 9 &% (Thomas, 1999;
, 2019). CRN(N-th order self-Convolution
of Rectangular) JE A4 I [A]48 A REE 2 R B0 N IR
SRS S Wk IS ER/3) S Y N AN GO S UL
9 Ny/T; HIRWE R 1. 2% GRACE TR 50 b BT
(Wu et al. , 2006),3 2 Jy CRN &Ik #5505 2.

®2 CRNEHERSH
Table 2 Coefficients of CRN filter

Wen et al.

JEU IR RO R RESTR /s 10 Hz
EESAY/C 7
BB SR A B Ny 707

A TR SR Ny 7
IR 3E 8 B LS B 0.1 Hz
I8 1 45 B IR T 70.7 s
J2 U 0.37 mHz

i [) 358 T2 7 R A 5 K1 5L AR 5 (DET,
Discrete Fourier Transform ) %f [ 5 7 2 Y sinx/siny
TEC e, R I CRIN Ji8 i #5149 490 53 i Jof Ry
sin[x(k — &) /N.]\N
%in[n(k*k”/]\ﬂ])

W 20 C15) 7R 47 2 # s fd Bt 22 4, 15 3] CRN
G0 8 P A Sk R T H, 2 E R

Ny

(15)

‘\B
-

K==N,

F, = F%m 2 H.cosCrkn/No) s |n| < N,, (16)
k*f'\

Hrp,
B (2rfuiy 2k

Norm __ TJol RN

F [thcos< T )kENthcos< N, ) an

MORYE DFT S8 B il 4% CRN — B filior 4w 5 —
B i o A A

E, = FNmm 2 —2nfH ysin2mkn /N s | n| < N,.

k=—N,

(18

Ny,

E, = FN“‘“ 2 — @nf)? Hecosrdn /N » | n| < N,

k=—Ny

(19)
FIR(Finite Impulse Response) Ji& i 3 7=y LA
THERIEL:
Nh
pi= > Fpins (20)

n=—N,
h

o= > Fypis 21
n=—N
Nh h

(5/1‘: 2 aniw’ (22)
“~

Hof, Ny = Ny — 1) /207 27 08 U 250l % 5 B0 12
] B 5 BUR ZS]. i = 0~ Ne+ N,.N, HJH
RS K, o W0 0" TR IR 1Y & IR BE L 5L ) 28
A5 (]S . [ T I AT I ) 4 O 45 4
A HO R IE B R AR R 1 Ha, 78 7F 583 P 5 1E 1Y
AR RO CRN BB B £ B 1 Ha, o
A 155 (19) . A R G £ 15 O 88 R B0k FCLFS
5 FC. A R ) B i) A % L () B K AT
ﬁ@%ﬁ%ﬁh$u%£7%rﬁ

Z F A{OI()]-[7 n],
(23)
A(O/A()(‘[i] = Z F,(;A{OA()(‘[Z‘_H:Iv

=Ny
N,
h

A[‘)/T()F[i] - Z F,(,‘A{OT()F[Z' - n:|,
n=—N
N (24)
Al(‘)/A()C[i] - 2 F;‘APA()C[Z. - n:| ’
n=—N
Ny

Aﬁ/l‘()Fl:i]: Z F,(,TA(OT()FI:iinjv

n=—N,

Ap TOF [ L ]

(25)

Aﬁ{/\oc[l.] 2 F Apmx |:l ]
17*\

Horb, Ao ror » 80 108 » Ap "tor SRS A R 2 )
| AL A AR R 5 L ] i B ) AT AR IE . A plaoc »
Aphoc s Aphoe F7™ TG WA R R BE LR R AR R
S T I 38 38 ) 7 v 5 I
2.2 TAbIBAEREERT

MR Al AT SR T8 B T A B G L R HLR AR L AR
SCHIFI -4 5 T ARG IR B85 5 ) T KBR & 58 804
b 5 3 b (9 B P L H, W] 928 KBR & 48 = b
JE LB G505 7 i 10 26 7 DA S 25 1 B8 R N
FTE PEAL D fE. ot 5 JPL & A i) KBR & 48 il ik
i i (KBR1B) [ 52 8 4T S 45 H 52 B 4 FEORS 119
VAR IR IR, A SCAEFES R Y TPL H J7 BUa 7 i 45
WA P R 22 /T KBR R TS E 48
bR, AL FRZE T HRG B2 6 2 E E O ) BRI R R
J1 T RAT 55 Bh 2 R ab 30 B0 5 737 B 3 1 7 oK.

TICL GFO LA 2019 45 1 H 1 H scill g K
i, 25 1y JPL & A i) KBR1B 048 7 i 5 4% SCAL 3

GEATEAN LS. B 5. 18 6 518 7 4 R A AR

[ S ) AR 23R 5 L [ o sl 0 ) ) B R, Hop



66 &

1952

i BR ) PR 2% R (Chinese J. Geophys. )

60000

£2019-01-01T00:00:00FF 4 GPSH /s

60000

40000

20000

i (=3
i =SS |-

| <

s :

-

T E

s

EE

!

IR

R

PR s 2
= ite Ske (—
= 1 R 2 I
S g 8 ° q
3 2 W/ R [

152

80000

/s

i

[12019-01-01T00:00:00 7 45 GPS

5 JPL A7 fi 2 18] BE A5 AR SC bk BEE SR (a) L T AR 22 (b)

» B2 18] B 5 5 22 R i 715 2 JEE (o)

Fig.5 Biased range released by JPL and the results processed by this paper (a), their residual (b),

amplitude spectral density (ASD) of the biased range and the residual (¢)

1027

0-6
10%
100

10+

| S —

60000 80000

40000

20000

0

80000

60000

40000

[42019-01-01T00:00:007F 45 GPSHt /s

20000

Ho

J0.8 s A EEE R :-IEL‘A&-.%.%.-..------

02
04
0.6

(-5-w) /s 3 ]

i
!
T
" o
Gl

T

e
[N

F12019-01-01T00:00:00FF 4 GPSH/s

6 JPL B M]AS A 5A AL BREE I (), I 5% 22 (b)), B (1] 748 48 5 4% 22 IR i 115 2 2 (o)

Fig. 6 Range-rate released by JPL and the results processed by this paper (a), their residual (b),

amplitude spectral density of the range-rate and the residual (c¢)

e

] | S

LG

== IPLALHE:
40000

%

ARG,

0.0005 1@

|
i
o
S
S
<

0

m.wé@@% (]

-0.0010 1 =4=

H

ERT .

80000

60000

20000
F12019-01-01T00:00:00 7 45 GPSH /s

0
x10°1

80000

60000

40000
42019-01-01T00:00:00FF 44 GPSH} /s

Pl 7 JPL LRI B 5 AR SCAL BRE5 5 Ca) W35 5% 2 (b)) o A2 [ o 3 32 15 5 2 IR 1

20000

(o) TR e 5

B (o)

Fig. 7 Range-acceleration released by JPL and the results processed by this paper (a), their residual (b),

13
=]

B

amplitude spectral density of the range-acceleration and the residual (c)



54

G LA ARG R T TR TR N R TRl T B AR 0 i A B

1953

SR T AR SO PSS R, 5 TPL A 16 B
(A ML) m W) &, & 5b, |8 6b 5 7b i
SR ARA S B S5 R S TPL K A BUdl 1 3% 2%
K 5c, [ 6¢ 58 Te AL a5 23R KBR REEA
JiE M F8 AR (Kornfeld et al. , 2019), 7E 8 11396 3L
B, R ER 2E R G 1 X107 mA/Hz, &
]8R 22 R Id 110 ' m/s A/ Hz, 5[] i Ji

-0.0003
-0.0004 -+

-0.0005

AT A IE/m

-0.0006 - s ‘ |
—— ARG R — — JPLACFRZE |

-0.0007 +— aitt il T ;
0 20000 40000 60000 80000
10 [12019-01-01T00:00:00 T 45 GPSH} /s
o~

W
t

'
W
L

AT B IR 2 /m
(=]

20000 40000 60000 80000

£2019-01-01T00:00:00 77 45 GPSH /s

ASD/(m~Hz )

XA 1X10 " m/s* A/ Hz. it K F KBR Wi
7 JEC M R KSF- il ) 8 BT R R

Pl 8 #1343 il Fem AR SCHF 3 AL 1B L A [
A % 55 5L [B) i R A AT B[R] R O SR A 0 B IE
[l JPL B 5 B8 ) Xof Ll 285 SR A SCF 5 19 9 1E 25 21
522 eIk T KBR UL A% JiE M 75 7K SF- , a3 A2 5
Yy IR R

1021 o AL AR

-+ IPLAHELE SR |

— B

— KBRE7 {iih3

104 e e

: T

5 i B

10° R I Ak VIVRRREEE

10 -t RS
L |
10104~ AVARV AL Rl Lt

IR B R AL L Ikl i

10+ 10° 102 ‘ 10"

A% Hz

5l 8  JPL AL[HBE AT (B 7 IE 5 A SCAR 25 B (o), WG 35 5% 22 (b)), 2 () B R AT B () 9 1F 5 3 25 IR R 33 2% 2 (o)
Fig. 8 TOF correction for biased range released by JPL and the results processed by this paper (a), their residual (b),

amplitude spectral density of the TOF correction for biased range and the residual (c¢)

/(m-s™")

A (RS AL = SRR

RATHF R I %

40000
[52019-01-01T00:00:00FF 44 GPSH} /s

0 20000 60000 80000
X 1 0-10

TRAT R AR IEAR R
FZE/(ms™)

40000 60000 80000

20000
[12019-01-01T00:00:00 45 GPS /s

B9 JPL AL [H) A8 3R AT [ IE 5 48 SCA B A5 (), 9 35 3% 25 (b)), B2 (A48 B2 AT B (8] 095 1F 5 4% 22 PR I % % % (o)
Fig. 9 TOF correction for range-rate released by JPL and the results processed by this paper (a), their residual (b),

106 4 - R AL
‘

== AChEE
- = JPLAbFRALER |
—

— KBRIkfE
10!

A% /Hz

amplitude spectral density of the TOF correction for range-rate and the residual (c)

3 I BE R 2 A
3.1 REBEFENSAHETHHNE
01445 B OB DU B A K/ Ka £
SE 2P R 2 5% AR T P 2 1 ol

TE RSB TIE S SRR EET
P AT FE AR Rionotree (). RIS o Rignofee (2 B 7T
YRR FE AT L B9 )2 B el v 3 B 20 A %) K Bl Ka
S BEOBURR I B A9 52 W) » DT S 5 A 2 LB 2 A R
ER XL PS EPSS

Aoy = Rignofree

— Rxk.. (26)



66 &

1954 i BR ) PR 2% R (Chinese J. Geophys. )
x107
il (a ! \ |
= 44
i —~
H% 00 :
L : :
E< w !
=Rl I A AL LA L ‘
T i s R
0 20000 40000 60000 80000
[12019-01-01T00:00:007F 45 GPSHt /s
10710
=
= 2
B9 11
EE
R 09
= 4 L !
ERC | I —a |
104 10° 102

0 20000 40000 60000 80000

[12019-01-01T00:00:00 1 45 GPSH} /s

10°

[ 10 JPL &L [E] ik B AT B (B R IE 5 AR SCAR BEZE S (o) o G 35 Bk 25 (b)), B T) Jonn gkt 8 6 AT e B) % O 5 3 2 TR % 25 )% (o)
Fig. 10 TOF correction for range-acceleration released by JPL and the results processed by this paper (a), their residual (b),

amplitude spectral density of the TOF correction for range-acceleration and the residual (c)

x107+2.888855

>N}
L
T
|

~
1
i
L
T
i
1

ARAL AL IE/m

"o R - PLER R ; ‘

0 20000 40000 60000 80000
12019-01-01T00:00:00 7 45GPS I /s

(=)
|

ShVowas
e

AL L IER Z2/m

0 20000 40000 60000
£2019-01-01T00:00:00FF 4 GPSH} /s

80000

10—5-%. fffff ST T
S N S L 1 SRHERE
O —Anaan Al Ruii
- - IPLAEmER ] R Li |
— @] | IR i
el MU

P - i

10" 108 102 10"

HHz

P11 JPL AR A] AR A R O B IE 5 AR SCAR RS 2R (o) T 4 5 22 (b) . 2 ) B R 37 0 9 I 5 3 25 4R R 32 4 2 (o)

Fig. 11

AOC for biased range released by JPL and the results processed by this paper (a), their residual (b),

amplitude spectral density of the AOC for biased range and the residual (c¢)

Hrr, Apy E h Ka S B B 2H IE. B THE

J2 X AU A AV ) B R R IR AE R R AR R 1

AT B 2R B g, BT AR UL #E R 7 (Brunner and

Gu, 1991) .

N,
fZ

o, £ RIR BB, N, KR B 2 T 2% 8,

2

— A~ 40.3m' st e FAH T

- 87'C2€ome

TR AN m Fon BT B R 2
B B R Ka il B i BE 5408 19 4 38 %500 )
RN

Aoy =

, 27

1
n, =1

G

40. 3
JchSO —_ .
fz

Ka

40.3

- TEC.
fKa

(28)

Horproso RN AL B{AZ. IR Doy TPATSAFTE
JEl SO A 0 2 e R )i 22 & PRt A% 8 0 B O vk R
F Aoy TEAHRRB I 2 14 22 43, oK 5& TG 1 1 (8] 22 3
AEFE BB F&E D(TEC) (BB# 4, 2014; Wen
et al. , 2019),
~ D(Ap) X 1o
40. 3
Horp, D FRIR R 22 53 57 A
TEC(t+ At) = TEC() + D(TEC(2)). (30)
i3 2 (300 I FH AR 43 T v T 1 AT B 2 ¢
(L) PR, SR B 2O B O
I . SEBR b X T OB I BE R GNSS
M BRI B B R R & TR E2 ok A

D(TEC) = , 29



51 ZEh VAR IR MR B ) R RS B e I B R A Ak B A T 1955
x10°
M T
Jr@( 0.5 .,@‘), 777777777777777777777777777777777777777777
=~ .
$ ; 0.0
-3
'E‘ >~ -05 b e R r=——====7"777 B I
A T e g i -
N ‘ | RCAREIEER - - IPLATLLER
0 20000 40000 60000 80000
s [412019-01-01T00:00:00 7 45 GPSI /s
—~
s 2@ o o "
A~ I R S I S o e
T : :
WE o]
a5 ‘ | ‘
g% -1 -1 b e B
43**5 : : : : ‘
R — ——  — —
0 20000 40000 60000 80000 10+

£2019-01-01T00:00:00FF 44 GPSH} /s

& 12 JPL A1 AR S AH A a0 5 I 5 A SCAR B S SR () , T 4 58 225 (b)) o 22 () A S8 AR v v 0 65 1F 15 5 22 HR M 15 2% (o)
Fig. 12 AOC for range-rate released by JPL and the results processed by this paper (a), their residual (b),

amplitude spectral density of the AOC for range-rate and the residual (¢)

0 20000 40000 60000 80000

[12019-01-01T00:00:00 - 45 GPSHH /s

il
] 10°
=
2 & 1077
5 -7 : ; ‘ ;
B g A - — DAL | _~
= : - : : - '£ 101
0 20000 40000 60000 80000 @
F12019-01-01T00:00:00F 45 GPSHH/s R
g
‘m( 6 E 101 4--
jﬂ'§ 44 72) I
g (:n\ 24 < | i
E \E, 07 10134 :
S 2 4 ! i
i 4 | i
& ] ! i
z 0's 4 H
10 10° g 10"

& 13 JPL &[] sk B AR A7 v o0 095 1IE 5 AR SCAL B2 B (), W 3 3k 22 (b)) o B2 T o skt 8 A 7 v o 09 1 5 8% 2 PR i 4% % (o)
Fig. 13 AOC for range-acceleration released by JPL and the results processed by this paper (a), their residual (b),

amplitude spectral density of the AOC for range-accleration and the residual (¢)

T H o E R ER AN s W B R A1k A
HA, 5[] 43 A1 1 A2 Ak S e 1 52 o v 25 2 A8 AR i )
FRALE. Pt s A SO | AR 7 325 o I AR ARG B B o
73 TR AT 55 IR I 0 B K 40 0 B v B 2 KT Bl
TR RN WAAEE. B AR B B
MRS P AR A b AR SCRI AR f— 2 A
HLBE 2 IE A5 5 X A B H) B B A A8k
e

(Do s, X fra

40. 3

Hrr, TEC, ,, s Jo % Ja WA € Pk Sl 128
B REEL R 20/ (f1+ f2) B9 B BB =28 r iR
B v g DR RATIEE. TEC, . %I T %5 2 A R

TECflifz - . (31)

JEE B T AR AR ) 4 Bk A A R AE L DA R
ANz (R ROBE WL g8 2 AR S S M8 4k 5 H IR b i 3
YR R B R R . IX —J7 I DB Bk LS 2
AR AT T SR AL T B S H%

T 3CLA GFO 1E 0. 04~0. 08 Hz 35 B P 14 42 AE 1
BB ZH MRS (Mo o.oio.s HBLHTZAHAHER
BER B2 KT B o AR SRR AL TEC,, 010,08
A ER AT AR AE. B 14 JB/R T GFO LB 257 IE {5
5 Ao WPRIE TS B, v LUE WL B 14 H B S )
0.04~0. 08 Hz B AL & T HRHEPER L ES 25 5

I 3 208 O 4 AR A 0. 04~0. 08 Hz {5 %5
(Do) o.0i—0.08 » THAEZCE A BT 20K TEC,, 00008 »
UL 15, Hoip B B & 1t 3 GFO SR F b5 X



1956

i BR ) PR 2% R (Chinese J. Geophys. )

66 &

,,,,,,,,,,
1

X O, T
[

1

ASD/(m\VHz )

_______

______________

102

gz
Hi#/Hz

[ 14 GFO R B JZ 7 1E B IR i 35 2
Fig. 14  Amplitude spectral density for ionosphere correction
of GFO

. TECq, 010, 05 55 K BH ' B8 Hb 52 58 % XSk i S BK
HIm AR WL 16. 18 15a 51& 15b 43 5% Ji; 2018
A EE 2019 £ 2 HILE 15a B2 471 420Xt
oL R AR AR B X i P 15D [ 52 2% A 00 ) X iz b A
M XL FE A X, K BH G BE H A8 4 &N, i X
TECo, 010,05 H 2 0E N V22

TEC,, 010,05 B9 43K 3 A1 7R 7 23 B2 [A) RUEE
(9 8 ER L R AR S AP AR A A3 A AR R AR XA R
TEHL X O 5 2R AR R BE AR G B 17a HE 17D
I PER 2018 4E 12 F 16 A % 22 B (X EMHm) 5

10]4
4 _X

TEC g4-00s/(el- m™)

20000 40000 60000
[12018-12-22T00:00:00 7 45 GPS /s

80000

20194F6 H22 H 230 H (& ZE ML) & KT W 5
PRUEZE (> 20) 1Y TEC, g1—0.05 1 A2 3K 43 A7, Horp &
17a Xif i 4 2 BHE W2 F 48 DX JE A o7 4 7K
X (& 15a B 52 45710 ) o i i 4 52 K BR O'G BRI 1] B
Kb A Z K HC IR E S ik )= F 28
FIE SR ZL % X 3 TEC 48 fk i B 45 K B 17b %)
o B3 BRI B AR A AR X (& 15 Hr B2 25t
JE AR A TR e X, Jb A 4 52 K BR O BRI (8] B K T R
WA 32 K H IR A i HL B8 )2 F )2 i 716 3))
JAI AN 2 X TEC A2 Ak i B2 3 K 3 — 28 7 i R
PR B B X TEC AR 4k 1 2= 15 P52 . B T oK FHOG
HEOH B DX 0 S 25 52 0 L 1 17a 5 &1 17h ol X p e
TEC:, o1—o.0s B4 b X AL ] 8, X 5 H AT X F
TEC B UL 2518 A A (REAE AR 55, 1999). A 3L AT
387 R AV AV B 52 B ) T 1 e I I 590 45 s
T TEC 4 BR 43 J6H A DX 73 A1 1) 22715 A2 AL A
3.2 KBRHEREZIRE

WEs 195 T iR KBR R S8 1Y M f ok I &2 A%,
rY G B MR 7R 8 e AR SC I AL B AR AT R AR
T s AR =X (40 T CO) SO XL [y S48 00 B 5 4 v A7
AR R ISR B 5 o R R A R M L K
Jo A RRA %k g 3 B N R e AR TG S B M R
PRt KBR s (4 73 B 475 75 PEAG 2R S8 7 i 7K.

[] — I 220 1) KA Ka A3 B 3in AR 67 H 4 55 A [e)
1% 3t 35K 5 3 3 78 A A5 B R 7 5 R iB 28 D8 A 3R A
IE L. I L K/ Ka g3 ) R 50 Lk &
PRSI I RS A RICTH B SO A o ) 1R
5 DL R AR AN R T R A R 2 B rh e AT
PLAF FEZMEFE SO R GE MRS AR U AL E SR
IF1] B f A 22 4315 5 40 F (Kim and Lee, 2009) .

10I4
3 X

TEC, 04-0,08/(el.-m?)
o

)

20000 40000 60000 80000

[12019-06-22T00:00:00 T 45 GPS /s

Bl 15 GFO K- A i 7 & 4k v (0. 04~0. 08 Ha)
(a) 2018 4F 12 H 22 H; (b) 201946 H 22 H.
Fig. 15 Variations of GFO horizontal TEC (0. 04~0. 08 Hz)
(a) December 22th. 2018; (b) June 22th, 2019.



54 G JEL A ARV IR B2 T ) TR T R Bl e U B AR 0 Kl A B 0 1957

XIOIS
2 14 x10'%
25 _XlO I 10
0.0 0 -
a4 ] . . . . -1k . . L
'E 1 j 35250 35500 35750 36000 36250 74 74500 74600 74700 74800
c
g O: M
S
g ]
P 4
214
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
10000 20000 30000 40000 50000 60000 70000 80000
[12019-05-01T00:00:00 T 45 GPSH} /s
B 16 201945 H 1 H GFO K¥H i T & & k7% (0. 04~0. 08 Hz)
Fig. 16 Variations of GFO horizontal TEC on May 1st, 2019 (0. 04~0.08 Hz)
@ e s A L B OB AR £ K o = T sy ey A
M A At L L Joladis
60°N [*2e—, (S LR - 60°N ["Ze :;
PRTY
o] Sl R ; .
o ‘ L eNCFA - {;&
:'7 * -[‘:"m\ S“m\
U (/”U\\ h
30°S 1 ; O, a0
60°S e et i ek 60°S &,»&Mf@ i ‘1;
180° 120°W  60°W  0° 60°E  120°E  180° 180°  120°W  60°W  0° 60°E  120°E  180°
, ; L — ; , — ]
-5 <10 -0.5 0.0 0.5 1.0 1.5 3 £ -1 0 1 2 3
TEC 4-0.08/(el.- m™?) <10 TEC, g4-¢08/(el.-m™?) x10"

Bl 17 0.04~0. 08 Hz /Kl T4k & (> 20) 19 A2 BRI i
(a) 2018 4F 12 A 12—16 H; (b) 20194 6 H 22—30 H.
Fig. 17 Global distribution of variations of horizontal TEC between 0. 04 and 0. 08 Hz (>2¢)
(a) December 12—16th, 2018; (b) June 22-—30th, 2019.

K
(¢?([+Al(‘>K - f;g‘sﬁ([‘)([‘FA[(‘)Ka)
p(t)DD - % J¢ s (32)
Se+To B . S

(6 + 2, —fK1¢D(Z+AtD)K;,)

%183

fo St _ 24 GHz+0.5 MHz 24 GHz _ .
F5 S T 32GHz+0.5 MHz 32 GH, = o 9062107 (33)

RN T £/ fy = fo/fe =0.75. il TR % USO SR 540 T L GFO MR K/ Ka 8 B2k ik
BRI PR LT R R S/ = 8f e/ = 0.75. ﬁ(BZ)mUﬂi‘%%j@UTﬂéﬁz

4 1 0.75 0.75\ & —¢&
== %| TEC . Lt ~ )+ L2+ K], (34)
oo f§f+fp[ (f,) s fff‘) 1 }

|
Horp S A A — Tk B R AR AR ARG R R AR GBS B X 1) R A )
B RRARA. 70 BB (=10 mH2) U4 E BEAE 5 TSR A 0 28 50 MR 7 7K S 19 AT A 30 Bl
1 SR TR B AL 2R G . o PR kR ) B
MR (RO WEME S HRLR S RNE 4 24518
T o 2 AL U S S I L MR 1
BT &5 R B R R 4+ 2% SC A SHIEAR B i T 7 TR AT 45 A% 0 7 R T
T RRRE [ 0 B R R A o 250, W 18 TR . GFO Al U BE R 45 10 KOHE AL B 5 40 0T 0 T 26
L 43125 (% W 30 % B (IR 80 SOOI BE R 5 JPL R GFZ A5 10 GFO 1T 45 B 5 Bl 7 i



1958 H Bk ¥ B % R (Chinese J. Geophys. ) 66

102 . : :

= — GFOM ZE ¥
il : SR —

= 10* — KBRAGBAHLER 5 b
2109k 3
<

108 L 1 L

10 10° 102 10 10°
FiER /Hz

K18 WENHE S RIFIEHE S GFO B4 KBR &4/ 5 4R %
Fig. 18 Comparison between the amplitude spectral density of the double-difference signal and the noise requirement

of the KBR system for GFO

BARGER 5 TAIKIR B2 ) D& KBR R4
P50 1 A B 9 s SR T DN B A 0 A 5 DT A
J5 V5 R BRI AG L B R A G AL B 5 A I AR O L SE B
T KBR 4l o 48 08 40 6 N o MR R R Y s R
il P )2 5 ) T B AT R T 25 5 1E A AR 7
OB 5O I S5 A DG T B, e & SE B KBR 04 1)
A A0 B RO S A L LD JPL R AR R B
s VE R H Xt 2 B AR ST A B ) KBR B8 7= i 5
GFO B J5 7™ b i BEW 4 W3 5% 22 8 /N T 2 fr B0
G B o Tl 2 St 00 B LG AN BR B AT 55 ) 3 S T AL B
(RS BE 75 oK. TRTEE , AR SCET X KBR e & 8040 77 i o
Bl B 2R G0 M P SR RS L TP T A BT RLPEAR 14 5 ik

AR SCGE 54 H G B R B A ]
3 A AR B 5V I A3 43 A D s R R T R D8 B
Bl S A T R TEAS (R 2 AR AR AT
T FL A= BR Ay A0 R AE 149 50 BT 58 T 5 AT 9 A0 A Dy Hl
JZ R AW 5 52 AL B0 H0 S AR B SE £ X 0. 04~
0.08 Hz 8y N iy Ka i Bt i 3 2 57 IE4F1E (5 5 FF
J& T AT X — A 1 {5 5 X R S 2 A
T oA E A B s ) ROBE AR A B R B AR Ak
5 K FH S e A b 2 22 S IX 8 3 A0 5%, R B B ik T A
o S AR S M AR A i e Bk o A, R AR X
Gy A5 R AR AL Y B OGP L T MR A A O
A A

25 BT A SC IR g S 3R ERIR IR ER T ) T
FEAT 45 40 B2 TR AR B 00 B 2R 4 1) 5040 Ak B 5 4 4
T EENEARREMSE.
Brigh ok 58 [ A HE HESE 5 & JPL DL R 4 [ M
s GFZ #2459 GRACE Follow-On % ¥,

References

Bacchetta A, Colangelo L, Canuto E, et al. 2017. From GOCE to
NGGM: Automatic control breakthroughs for European future
gravity missions. IFAC-PapersOnLine, 50 (1). 6428-6433,

doi: 10.1016/j. ifacol. 2017. 08. 1030.

Brunner F K, Gu M. 1991. An improved model for the dual frequency
ionospheric correction of GPS observations. Manuscripta Geodaetica
16(3): 205-214.

Chwalla M, Danzmann K, Alvarez M D, et al. 2020. Optical suppression
of tilt-to-length coupling in the LISA long-arm interferometer.
Physical Review Applied , 14(1); 014030, doi: 10. 1103/ PhysRevApplied.
14. 014030.

Feng W, Lemoine ] M, Zhong M, et al. 2012. Terrestrial water storage
changes in the Amazon basin measured by GRACE during 2002-2010.
Chinese Journal of Geophysics (in Chinese), 55(3): 814-821, doi:
10. 6038/j. issn. 0001-5733. 2012. 03. 011.

Feng W, Wang C Q, Mu D P, et al. 2017. Groundwater storage
variations in the North China Plain from GRACE with spatial
constraints. Chinese Journal of Geophysics (in Chinese), 60
(5): 1630-1642, doi: 10.6038/cjg20170502.

Francis S P, Shaddock D A, Sutton A J, et al. 2015. Tone-assisted
time delay interferometry on GRACE follow-on. Physical Review D,
92(1): 012005, doi: 10. 1103/PhysRevD. 92. 012005.

Frommknecht B. 2007. Integrated sensor analysis of the GRACE
mission [Ph, D. thesis]. Miinchen: Technische Universitat Miinchen.

Gong Y G, Luo J, Wang B. 2021. Concepts and status of Chinese
space gravitational wave detection projects. Nature Astronomy ,
5(9): 881-889, doi: 10.1038/s41550-021-01480-3.

Han S C, Shum C K, Bevis M, et al. 2006. Crustal dilatation
observed by GRACE after the 2004 Sumatra-Andaman earthquake.
Science, 313(5787); 658-662, doi: 10. 1126/ science. 1128661.

Hu W R, Wu Y L. 2017. The Taiji Program in Space for gravitational
wave physics and the nature of gravity. National Science Review, 4
(5): 685-686, doi: 10.1093/nsr/nwx116.

Ince E S, Barthelmes F, Reillland S, et al. 2019. ICGEM-15 years
of successful collection and distribution of global gravitational
models. associated services, and future plans. FEarth System
Science Data , 11(2): 647-674, doi: 10. 5194/ essd-11-647-2019.

Kim J. 2000. Simulation study of a low-low satellite-to-satellite tracking
mission [ Ph. D. thesis]. Texas: The University of Texas at Austin.

Kim J, Lee S W. 2009. Flight performance analysis of GRACE K-
band ranging instrument with simulation data. Acta Astronautica, 65
(11-12): 1571-1581, doi: 10.1016/j. actaastro. 2009. 04. 010.

Kornfeld R P, Arnold B W, Gross M A, et al. 2019. GRACE-FO.

The gravity recovery and climate experiment follow-on mission.



54 G LA ARG R T TR TR N R TRl T B AR 0 i A B 1959

Jowrnal of Spacecraft and Rockets, 56(3): 931-951, doi: 10.
2514/1. A34326.

Luo J, Chen L S, Duan H Z, et al. 2016. TianQin: A space-borne
gravitational wave detector. Classical and Quantum Gravity .
33(3): 035010, doi: 10.1088/0264-9381/33/3/035010.

Luo Z C, Zhou H, Li Q, et al. 2016. A new time-variable gravity
field model recovered by dynamic integral approach on the basis
of GRACE KBRR data alone. Chinese Journal of Geophysics
(in Chinese), 59(6): 1994-2005, doi: 10. 6038/cjg20160606.

Milyukov V K, Burdanov A V, Zhamkov A S, et al. 2020. Analysis
of key technologies for a space geophysics mission: Required
accuracies and engineering solutions. Solar System Research . 54
(7): 610-620, doi: 10.1134/S003809462007014X.

Ran J J, Xu H Z, Zhong M, et al. 2014. Global temporal gravity
filed recovery using GRACE data. Chinese Journal of Geophysics (in
Chinese) , 57(4); 1032-1040, doi: 10. 6038/ cjg20140402.

Reigber C, Lithr H, Schwintzer P. 2002. CHAMP mission status.
Adwvances in Space Research, 30(2); 129-134, doi: 10. 1016/
S0273-1177(02)00276-4.

Rummel R, Gruber T. 2010. Gravity and steady-state ocean circulation
explorer GOCE. //Flechtner F M, Gruber T, Giintner A, et al eds.
System Earth via Geodetic-Geophysical Space Techniques.
Berlin: Springer, 203-212.

Sheard B S, Heinzel G, Danzmann K, et al. 2012. Intersatellite
laser ranging instrument for the GRACE follow-on mission.
Journal of Geodesy, 86(12): 1083-1095.

Shen X H, Zhang X M, Yuan S G, et al. 2018. The state-of-the-art
of the China seismo-electromagnetic satellite mission. Science
China Technological Sciences, 61(5);: 634-642, doi: 10. 1007/
s11431-018-9242-0.

Tapley B D, Bettadpur S, Watkins M, et al. 2004. The gravity recovery
and climate experiment: Mission overview and early results.
Geophysical Research Letters, 31(9); 109607, doi: 10. 1029/
2004G1.019920.

Tapley B D, Watkins M M, Flechtner F, et al. 2019. Contributions
of GRACE to understanding climate change. Nature Climate
Change, 9(5): 358-369, doi: 10.1038/s41558-019-0456-2.

Thomas J B. 1999. An analysis of gravity-field estimation based on
intersatellite dual-1-way biased ranging. Pasadena, California:
Jet Propulsion Laboratory.

Wang C Q, Xu H Z, Zhong M, et al. 2015. An investigation on GRACE
temporal gravity field recovery using the dynamic approach. Chinese
Journal of Geophysics (in Chinese) » 58(3): 756-766. doi: 10. 6038/
jg20150306.

Wen H Y, Kruizinga G, Paik M, et al. 2019. Gravity Recovery and
Climate Experiment Follow-On (GRACE-FO) Level-1 Data Product
User Handbook. //JPL D-56935, JPL, NASA.

Wieczorek M A, Neumann G A, Nimmo F, et al. 2013. The crust
of the moon as seen by GRAIL. Science, 339(6120): 671-675,
doi: 10.1126/science. 1231530.

Wu S C, Kruizinga G, Bertiger W. 2006. Algorithm theoretical basis

document for GRACE Level-1B data processing V1. 2. // GRACE 327-
741, JPL, NASA.

Xiao Y, Xia Z R, Wang X T. 2006. Earth gravity field recovery from
GRACE data. Geomatic Science and Engineering (in Chinese), 26
(2): 8-10.

Xiao Y, Xia Z R, Wang X T. 2007. Recovering the Earth gravity
field from inter-satellite range-rate of GRACE. Acta Geodaetica
et Cartographica Sinica (in Chinese). 36(1): 19-25.

Xiong C, Ma S Y, Yin F. 2014. Determination of mean electron
density between GRACE A and B satellites with precise microwave
ranging. Chinese Journal of Geophysics (in Chinese), 57(5): 1366~
1376, doi: 10. 6038/ cjg20140502.

Xiong N L, Tang C C, Li X J. 1999. Introduction to Ionospheric
Physics (in Chinese). Wuhan: Wuhan University Press.

Yan Y H, Miiller V, Heinzel G, et al. 2021. Revisiting the light
time correction in gravimetric missions like GRACE and GRACE
follow-on. Jowrnal of Geodesy, 95(5): 48, doi: 10. 1007/s00190-
021-01498-5.

Zhong M, Duan J B, Xu H Z, et al. 2009. Trend of China land water
storage redistribution at medi- and large-spatial scales in recent five
years by satellite gravity observations. Chinese Science Bulletin, 54

(5): 816-821.

Bt i 32 5 % STk

A5, Lemoine ] M, P45, 2012. FFH = J1 A& GRACE Wi
b 2002-2010 4R 1 Bk b K B b, S ER P ELF 4R, 55(3)
814-821, doi: 10.6038/j. issn. 0001-5733. 2012. 03. 011.

LA, ERE. BRMEAE. 2017, 3T GRACE 45 ] 29 3 05 i Wl
AU JE R K A AR A, MR A= 4R, 60(5) : 1630-1642,
doi: 10. 6038/¢jg20170502.

BEA G, 5%, 2016. T GRACE KBRR %4 1935 1 1
S A B M ER P F AR, 59(6) : 1994-2005,
doi: 10. 6038/cjg20160606.

PR, R B iSE. 2014, A GRACE T J7 108 UL 04
THAER T S M Bk N S M. M Bk A B AR, 57 (4): 1032-
1040, doi: 10.6038/cjg20140402.

FARE . VFERE, B, 2015, FIHIS) )14 7 ik 5% GRACE A8
FEHGWGE. WY B, 58(3): 756-766. doi: 10. 6038/
¢jg20150306.

Mz P, £2%%. 2006, FIJH GRACE %36 Fjin i o Wk &
WERTE Sy, WMARS 5 TR, 26(2): 8-10.

Yz, HEA, X, 2007, J GRACE A [a] 3 1 % & 1 Bk 5 )
. M22#4, 36(1): 19-25.

REE, e, FF L. 2014, FF GRACE T9 8 %5 S0 U 05 i o
[B] 2 L 7 . MR R 24, 57(5) . 1366-1376, doi: 10.
6038/¢jg20140502.

REARAR, JHAFER, 28474, 1999. MBI ZWIAMS. R RIKF
AL

B, BOdESE, VPIRRESE. 2009, AT TR EE WIS 5 4F I
Hiu K PR A [A) RUBE AR fh i dA. Bl . 54(5) . 816-821.

A gmtE e



