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Kaguya(SELENE) Selenological and Engineering Explorer

chemical X-ray Spectrometer
elements Gamma-ray Spectrometer
mineralo Spectral Profiler
9 Multi-band Imager
surface Terrain Camera
structure Rader Sounder
Laser Altimeter
Magnetometer
Plasma Imager
surface

Charged Particle Spectrometer

environment
Plasma Analyzer

SELonalogica and ENginegF¥ig Explors) Radio Science Observation

High Definition Television

® SELENE consists of ; imaging Camera
1) Main Orbiter
2) Relay Satellite (Rstar) gravity field Relay Satellite Transponder

3) VLBI Radio Satellite (Vstar) Differential VLBI Radio Sources




Two techniques for lunar gravity field

Doppler technique (sensitivity in line-of-sight)
Spin influence on Doppler measurement
Remove spin influence using LPF
Orbit determination
Global lunar gravity field

Phase characteristic of onboard antenna

Differential VLBI technigue

(Sensitivity in direction perpendicular to LOS)

SELENE VLBI observation
Differential phase delay
Orbit determination




Gravity experiment by 2- and 4-way Doppler in SELENE ‘ Sensitivity In

line-of-sight

(1) 4-way Doppler of main-satellite for far side (2) 2-way Doppler and range of Rstar and Vstar
(3) Doppler and range of satellites for near side

_—X-band dipole antenna Rstar
S-band dipole antenna
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GN(11me) first direct measurement of the

2way: m/s =0.5* C /( k1* fup) *Hz gravity field on the far side
4way: m/s=(f4way-fbias)*C/(k5*k6*fup)
fbias=fref-(k2+k5*k6)*fup; fref=8456.125M 30kHz



. Doppler data, Time interval 0.1s
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RMS is larger than the desired accuracy 0.0033Hz 0.2mm/s
even If by using 10 s integration




Irregularities in the phase characteristics of antennas onboard spin satellites

S/X Dipole antenna

for Doppler and VL

Bl

Patch Antenna
link Rstar and Main =

Octagonal prism body ™%

Qinghui Liu
et.al ““New method of
measuring phase

characteristics of antenna

using Doppler frequency
measurement technique”,

IEEE Trans.,

Antenna and Propa.

3312-3318, 2004.
Qinghui Liu
et.al " Effect of In-situ
Phase Characteristics of
Antennas Onboard Spin
Satellites on Doppler
Measurements for lunar
gravity field ",

IEEE Trans., A&M,
(submitted)

Influence on Doppler measurement

AWAY  phase characteristics of S- ,X-band and patch antennas

2WAY  phase characteristics of S-band antenna  octagonal prism body

octagonal prism body  offset of patch antennas from the rotation axis |
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‘ Doppler-Residual Spectrum (harmonic components of n*fs) ‘
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Estimate spin frequency fs with an accuracy 0.0001 Hz




Remove spin influence using LPF

Linear phase LPF using Kaiser
window function

Kaiser function

I(a\/l—(Zk/(N —1))2)

W, = |, () k<(N-1)/2
0 k>(N-1)/2
o0 /2 n

Kaiser function

1E-9+4 T T T T T T T T T 1
0 100 200 300 400 500

Important to give a suitable value for

-0.00005

-0.0000+—/—mF————— 77— 17—

H
8000071 fnput X(n) simulation)

60000

40000

20000

0

1 Period3h-Amp50kHz

1 Period2h-Amp20kHz

~40000710-0.05Hz-Amp0.3Hz/f 20
T '\

Gravity information

H

0.00010

Output Y (n)-input X(n)

0.00005

0.00000 ~‘

N=601 o=12.4226

0 10000 20000 30000 40000 50000 60000 70000

Accuracy for conserving gravity
Information in 0-0.05Hz >

0.00002Hz 8




Sorry!
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Summary on Doppler technique
(Sensitivity in line-of-sight)
1. 2way-Doppler: 0.1mm/s RMS @ 0.1s after LPF
2. 4way-Doppler can also be determined at a high accuracy
after LPF, and the gravity signals on the far side were
detected firstly.
3. SELENE lunar gravity field model: SGM90e

Differential VLBI technique

(Sensitivity in direction perpendicular to LOS)

SELENE VLBI observation
Differential phase delay
Orbit determination
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Position erro

Why do VLBI observations in SELENE?

Position error of Rstar

2-way Doppler

2-way Doppler+Differential VLBI
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Simulation results
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harmonic of lunar gravity field
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SELENE wathout VLBI

- SELENE (Combination
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Matsumoto et. al
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VLBI observations in SELENE

(Sensitivity in direction perpendicular to LOS)

Rstar Vstar
Differential phase

PR(t)- @ (t)

Differential phase delay
Accuracy: ps
(First time in the world)

_--
-

correlator

Separate angle
between Rstar
and Vstar is less
than 0.9deg

Main satellite
Group delay

Accuracy: ns
(Conventional method)
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Radi
VI_—B! soaurlc?e
principle

Correlater

Time delay Tg=Bsinct/c

SELENE MAIN and other spacecrafts

Bandwidth 10MHz

Group delay TTg=Aphase/Afreq.

When error of phase is 3.6 deg,

Error of group delay 3.6/360/10M=1ns

TTg=Phase/frequency
s
2TT ambiguity

u
Error of phase in SELENE

have to be less than
<4.3 deg In S-band
severe condition

Rstar&\Vstar Differential phase delay
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When error of phase is 10 deg

Error of phase delay 3.6/360/8456M=1ps
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Origin of phase fluctuation

4 N\

frequency variation of
radio wave

temporal spatial
lonosphere
atmosphere

thermal noise

phase variation in
receiver

. 2

It is difficult to obtain the
correlation phase with an
accuracy of 4.3 deg
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Correlation processing
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Atmospheric
phase fluctuation
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Heavily 1y

anghw Liu, et. al, IEEE Trans., Antenna and Propa., Apr. 2005.

Nishio Masanori, Qinghui Liu, etal, IEEE Trans.,,
Antenna and Propa., July 2007.

alternately

e O swiching Ve

I cloudy Using switching VLBI
%WWW observation
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Same-beam
differential VVLBI

CPWM/W%WW
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Rstar period 4 hours

Antenna beam Vstar period 2.5 hours

W
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7 N

()

> correlator;

— inclination 90deg !
In same beam VLBI Influences of LU et al IEICE, 2006
Rstar and Vstar can be the receiver, LIU et. al Adv. Space
observed simultaneously ‘ atmosphere and | | Res, 2007
System is nearly same lonosphere are Kikuchi, Liu et. al,
Elongation is small nearly canceled | [2%%8
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Stations for SELENE VLBI observations
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Observation system X-band S-band
2.2-2.32 G
8.18-8.6 Gl l
coupler PePr-(:aII\/I coupler
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®' Converter ,®v
Back end 0-2MH2 l l
K4 Mark4,5 v
chl] PF <100kHzch2 ch3 ch4

! 0-100 kHz }

!

!

1pps —»
10M —»

SRTP 200 kHz 6 bit
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Correlation Processing (soft correlater) ‘

Time-series signal Time-series signal
(Reference station) (Remote station)
¥
Bit shift
. L . F. Kikuchi et al, Earth Planets
Fringe i‘“l’l“"g —”| Space, vol.56, pp.1041-1047, 2004.
Fractional bit correction
. ¥
FFT FFT
n : Only use the signal in a

Pick up Fourier components of [

bandwidth of several Hz

carrier wave signal
! ' il |
Cross correlation Bandwidth B 100Hz—>10Hz
1! - || S/IN 10dB UP! P,=kTB
Group delay estimation o —

!

Phase delay estimation
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‘ Procedure and conditions for obtaining phase delay \

Differential phase 27T ambiguity ionosphere ohase error
Pr(t); Py(t) | omkAD, ¥
AD; = 2n i ATj— 2w N; — - (o]
sl: 2212, s2: 2218, s3: 2287, x: 8456 MHz /'ff
N oo N, — AG}SZ_AG}"l_ I S
N 52 N sl — D kAD\/( o Jcsl )
205
-+ (fs2 — fs1)ATs + H Sy H
procedure condition
1. Nyo — Nsy 0.001639, +0.0 )(}\_\f—H 03928|[[0s]]| < 0.5 EQ.1
6MHz 83 ns
2. Noz — Ny 0.04926|[[0:]]] 40 Eq.2
75MHz <10.2 deg
3. N 0.1159|||os]|| +1.1917| Eqg.3
2212I\/IHz <43deg <O0. 42T_ECU_ |
4. N, 0110 [ ]| +8.456AT,s+2.1573|AD; | < 0.5 Eq.4
8456|V|HZ <456 deg <59 ps <0.23 TECU
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Sorry!
About 20 pages were deleted for VLBI
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Close phase delay 20080120

VERA: Ishigaki, Iriki, Mizusawa, Ogasawara

baseline = 1s-IR  I1S-MZ I1S-0G = MZ-IR MZ-0G  IR-0G close delay (NS)  close delay

10:31-45 Start time 10:31:30 10:31:30 10:31:30 10:31:30 10:31:30  10:31:30  1S/IR-IS/MZ-MZ/IR S/IR-IS/MZ-MZ/0G+IR/ OC
Ns2-Ns1 0 0 0 0 0 0 0 0.001
Ns3-Nsl 0 0 0 0 0 0 MZ/IR-MZ/0G+IR/0GS/MZ-1S/0G+MZ/IR+IR/ O
Ns -7 -14 -5 7 9 2 0.001 0.002
Nx X X X X X % [S/MZ-1S/0G+MZ/0GUZ/IR-MZ/0G-IS/IR+S/ OC
aood dela 51 51 51 51 51 51 0.001 -0.001
value -3508 -7045 -2338 3537 4708 1172 IS/IR*IR/0G-IS/0G
at time | 10:37:30 10:37:30 10:37:30 10:37:30 10:37:30 10:37:30 0.002 S-band 2PI= 0.452 ns

Hobart, Shanghai, Urumaqi, Ishigaki

baseline  Ho-ur  HO-SH  HO-IS SH-UR SH-IS | UR-IS close delay  (NS)  close delay

10:31-45 Start time 10:35:30 10:35:30 10:35:30 10:35:30 10:35:30 10:35:30 10/UR-HO/SH-SH/UIHO/UR-HO/SH-SH/IS+UR/IS
Ns2-Ns1 0 0 0 0 1 1 0 -13.563
Ns3-Ns1 ~2 -1 0 0 2 1 SH/UR-SH/IS+UR/ISHO/SH-HO/IS+SH/UR+UR/IS
Ns 51 -38 -1 -13 37 20 -13.563 -13.563
Nx * * * * * *  HO/SH-HO/IS+SH/ISSH/UR-SH/IS-HO/UR+HO/IS
good delay 51 51 51 51 51 si 0 0
value -29157 -21.815 -44  -7342 17415 11.194 HO/UR+UR/IS-HO/IS
at time  10:40:30 10:40:30 10:40:30 10:40:30 10:40:30 10:40:30 -13.563 S-band 2PI= 0.452 ns
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Correct atmospheric delay--GPS + Niell Mapping function

SELENES GPS IGS vgr Download
GpsTools ZTD
10mm
X (m) Y (m) Z (m) (m) m
VLBI -3857241.85| 3108784.791| 4003900.608| 189.58231|116.523
mizw |GPS -3857164.39| 3108693.067| 4004047.332 117.7
VLB| -3521719.59| 4132174.674| 3336994.224| 42.582571|573.522
irik |GPS -3521735.46| 4132137.51| 3337007.646 565.287
VLB| -3263994.73| 4808056.288| 2619949.219| 40.688873(65.026
isgk |GPS -3263984.04| 4808036.484| 2619983.118 58.65
VLB| -4491068.81| 3481544.791| 2887399.567| 40.097662|273.048
0gsa|GPS -4491042.33| 3481573.606| 2887390.838 266.157
VLBI -2831686.91| 4675733.666| 3275327.69| 92.159441|29.43
shao |GPS -2831733.57| 4675666.07| 3275369.496 22.209
VLB| 228310.72| 4631922.795| 4367063.988| 83.694217/2033.205
guao |GPS 228380.79| 4631962.42| 4367041.08 2048.67
Hobart |VLBI -3950236.74| 2522347.561| -4311562.54| 193.62816|65.105
hob2 |GPS -3950074.52| 2522418.574| -4311640.86 46.055
Wettzell |VLBI 4075539.899| 931735.27| 4801629.352| 138.30185|669.124
wtzr |GPS 4075578.273| 931852.7652| 4801567.306 663.796
VLBI GPS
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Correct ionospheric delay using GPS

20080115-12 MZ-IR

lonospheric
z=7x/2-El : )
_ Pierce Point
: . Rgsinz
Z = arcsin
Rg +H
a=7—-1'

Ppp = arcsin(cosa sin ¢
+sin ar cos ¢ cos Az)

. Sinasin Az
App = A+arcsin

Ppp

CODE GIM Model (15*15)

- TEC(UT,9,1) =
ZZ P (sin #)(C,, cosmA, + S, sinmA)

n=0 m=0

Sun-Fixed
As=LT -7z =UT +A-7
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‘ Differential phase delay bias in SELENE: several ps

(c) Phase characteristics of

1 telescope g RV
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] . 5 Phase Characteristics of Telescopes on
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Summary

Differential VLBI technique in SELENE

1. Same-beam VLBI observations were performed
2. Differential phase delay can be obtained by
high accuracy several ps + little bias <several ps

3. Orbit-determination accuracy several meters

Doppler + differential VLBI Data

- =

Global gravity field (include far side and limb) will be
accurately determined soon.
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