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Space Geodetic Techniques

e VLBI
(Very Long Basel ine Interferometry)

e GNSS (Global Navigation Satellite

System)

-GPS (USA), GALILEO (EU; GLONASS
(Russia). BeiDou (China

OZS(Japan) IRNSS (lndla)

e SLR (Satellite Laser Ranging) N/E;?
(g

VLBI can measure what?
two functions as a tool

i

Geodetic VLBI

microscope telescope /7
to investigate Earth 1o investigate space’W




Measure Time Delay

measure
+ime delay

receive radio
star signals
at Z stations
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Measured delay is affected by
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How 1o

get
residual delay
and delay rate

IVIC

Correlation Processing
Two types of correlators

PR XF type
Ay ~ VWV

Fringe Stopping FFT (Time->Frea) |—
e })_[

—

Delay TracKing

FX type

)
N = A —{ FFT (Time->Freq)

Fringe Stopping

(

/\/V\'V\'\/‘/\"\/\A/\ — _,—’_ " FFT (Time->Freq) 7

— -

Delay Tracking




residual delay At and delay rate At

delay tracking in a correlator

/_

A\

: true delay change
error = At + A7t
Al
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unit integration /7
period — Nng 1 /4

time

How 10 obtain residual delay At and delay
rate At from cross-spectra
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Frequency — Frequency —

Ar vields phase rotation on frequency domain
A7 vields phase rotation on time domain  N/C7




Search Function

cross spectrum :

T
F(At, A7) =

S/

\\
F(At, At)

S(f, t)e;iZ”foAftdt} e—iZnAdef‘

L use 2-D FFT

0

—

Amplitude

> pelay DT
N/CT;
\—”

fo : reference RF frequency

Hill climbing method and parabola fitting

/ ) / Xmax \
AT 4
A ) @
X2 X3
X1
E
FFT C Parabola Fitting
T ’\5 Direct Cab L/
A |/
@ B @
AT

\_ Hill Climbing ) Nﬁ




Example of actual search function

COARSE SEARCH FUNCTION ( 54x1024)

0.004r
EOGANEI — KASHIMI1 Ref Freq{MHz) = B524.88
| Souros : 3C273R Integratinn (zec) = BD.D
PRT : 23001Y200D 04:15:30 Penk Position { 32, 513)
| VEW(MHz) : a.00 Amplitnde =2.280=—0D03
AT {umec} = —D.0DOD
AL, = 0.00D0
At (s/s) = 2.260e—D16

Bandwidth
Svnthesis
(BWS)
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delay resolution o ]/bandwidth

bandwidth correlation function

> frequency ,’\\/ \V4 2> time

> _ 1\
AFA

> frequency

> time
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Conventional Bandwidth Synthesis

spectrum

|
100MHz~ 1GHz

:‘.“ﬂfm > t

correlation function Nﬁ




Conventional Bandwidth Synthesis

Bandwidth was ZMHz at most
CH1ICH2 +« « ¢ & CH®6 * o . CHlO

Wil 1 \H
\

|
100MHz~ 1GHz

Search Function for BWS

B( T _ . _
F(At, A7) = f {J S(f, t)ealanoATtdt} e—zZnArfdf‘
0 0

Now combined cross spectrum

Each channel phase is compensated
by using the phase of PCAL signal

/V/E??
—

fo : reference RF frequency




Improvement of Delay Resolution
by Bandwidth Synthesis

COARSE SEARCH FUNCTION (64x128)

004r
° | E0GAM X-Bmmsag 9 = TT4e8
m wzsoo 04:16:30 3'§§-mon3’:)z eg?
(M) - ?‘ =32.206e—
§£’ 7’? . -m. o1:

FINE SEARCH FUNCTION (256%128)

xocg;:r BANxAsug ) "a(nf) = 771480

BRT .. maoooousao unh n{;b 84
( ) : e =2.267e—003

-Doze5
ﬁ(( 7’ = 28i0e 014

0.0041

COR. AMWP

Antenna Motion during Geodetic VLBI

2003/5/21 11:59:57

10sec -> Jhrs 100~300 scans/24 hours




First Target was
Measurements of

Plate Motion

NIC{7?
—

Tectonic Plates

Philippine Sea Plate

Antarctic Plate




Estimation of Plate Motion

6000km/50Ma = 12cm/year N/CP

Crustal Dynamics Project
(direct measurements of plate motion)

-~ ]

5700Kkm™

Hawaii

CDP was
promoted by NASA




Baseline length change measured on

Baseline length [m]

Kashima-Hawaii Baseline

Kashima-Hawaii
5709360.50}, s
ot 30° B
5709360.40+ e 700 kn —y
T ” 200 . L
\“" Kauai (Hawaii )
5709360.30+ + ¢ ';‘.‘H_{" 10°
Y 0° 180° 190° 200
5709360.20} H‘f-'\ : |
+"
‘4
#""m -63. 4+0. 5r|l|m/vear
5709360.10f "4 |
. 3
5709360.00f
° ° . §- |
wossecor fijpst direct measurement ﬂ *
5700350 50l INtemational VLBI Service for Geodesy and Astrometry (after GSFC[2011]) | NICTJ

1985 1986 1987 1988 1989 1990

YEAR

1991 1992 1993 1994

Continuous
Measurements of
Crustal Deformation
Around Tokyo
(KSP Project)

NICD
o




KSP (Key Stone Project)
(1995-2001)

(J
o Tateyama

' 100km

N&T

KSP (Key Stone Project)
GPS (1995-2001)

VLBI

Tateyama

/vﬁ




Keystone
at Kashima Jingu Shrine
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Conventional VLBI at that time

Atomic
Clock

2

Recorder Recorder

Real Time VLBI
(e-VLBI)




Around Tokyo
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June 26, 2000 100km N/E]?
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Miyake Isl.

Kashima — Tateyama basel ine

20=Jul=01 02:56:24 (J3T)
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flJune 26. 2000:
start volcanic activity
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Evolution

of VLBI
Svstem

"
used to be Antenna Antenna
PCAL —»l |<— PCAL
Signals Signals T
LNA LNA
—{ PLO —® ($— PLO [~

IF AMP IF AMP

! !
H-Maser ,| Baseband Baseband |, H-Maser
0sc Converter Converter 0sc
v v
»  Sampler Sampler |«

! v

Recorder Recorder D
H T Observation
i i .

Recorder Recorder Data PPOCOSSII’IO

(Playback) (Playback) ' /7

comvetation | & Nicy
orrelation ( L




INTERNET (e-VLBI)

Correlation

curren-‘- Antenna Antenna
PCAL —»l |<— PCAL
) Signals Signals o
LNA LNA
PLO —® ($— PLO [+
IF AMP IF AMP
! !

H-Maser | Baseband Baseband |, H-Maser
0sc Converter Converter 0sc
v v
»  Sampler Sampler |«

! v

HDD HDD D
; ; Observation
.................................... INTERNET(e-VLBI)
Data Processing
Correlation N\_IET:
SO phi sticated Antenna Antenna
PCAL —>T T<— PCAL
Signals Signals o
LNA LNA
PLO —($) ®— PLO [+
IF AMP IF AMP
H-Maser | | = = | | H-Maser
osc Sampler Sampler 0sc
» (IF-Direct) (IF-Direct) |«
DBBC DBBC
HDD HDD D
T Observation

Data Processing

@Nﬁ




more sophisticated RF direct sampling

Antenna Antenna
PCAL —>T T<— PCAL
) Signals Signals o
LNA LNA
.| Sampler Sampler |,
'| (RF-Direct) (RF-Direct)
H-Maser | | || H-Maser
0sc 0sc
HDD HDD
| Observation
.................................... INTERNET(O-VLBI)I"""""'"""""""""'""
A{ Data Processing
Correlation ,:

Merits

No use of analog frequency converter

:

Simple receiving system
(minimum use of analog circuits)

:

Omore stable and reliable

=) accuracy improvement | /7
Olow cost system NICP




Proof-of-Concept
Experiment

DSAMS:
Direct Sampling Applied
to Mixed Signals

NIC/T)
—

Proof-of-Concept Experiment
DSAMS V experiment for S/X bands

TSUKUBA 32m \A/ KASHIMA 11m

Optical Fiber

: : : P N/CTJ
DSAMS: Direct Sampling Applied 1o Mixed Signals "




Merging S and X bands at RF

ihen Under Sampling
| 4 4
L m-
|
0 f 4IS 7f. 8f, -

ZGHz 8GHz

| remote-station signals
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| separation by hiinqe stopping |

0 % T, fy J’)
0.5GHz 1GHz N£T

Results of DSAMS VLBI Experiment
S-Band X-Band
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COR. AP

0.019

0.008

0.008

DSAMS VLBI Experiment

SEARCH FUNCTION (100%x128)

KASHIM11 — TSUKUB32
Source : 3C345
PRT : 2011Y202D 07:38:38

EW(MHz) : 135.50

Ref Freq(MHz) = 2048.00

Integration (sec) = 30.0

Pealk Position (50, 64)
Amplitude =3.093e—-003
At (nmec) = 3.56707

Af, = 0.0009

&7 (s/s) = 4.248e—D13

S-Band

COR. ANP

SEARCH FUNCTION (200x128)

KEASHIM11 - TSUKUB32
Source : 3C345

F PRT : 2011Y202D 07:38:38

EW(MHz) : 1538.00

Freq(MHz) = 7168.00
Integration (sec) = 30.0
Peak Position ( 100, 64)
Amplitude =3.898e—004
AT (nsec) = -0.3634

ﬁ{f(-/-; - Y

NICV
—




Conventional Bandwidth Synthesis

CH1 CH?2 CHn CHN
- > f
~MHz
< 100MHz~ 1 GHz >
>f
NICT}
(g

Wideband Bandwidth Synthesis (WBWS)

BAND 1 BAND 2 BAND n BAND N

—> > f

~ ]GHz
Bandwidth of conventional BWS

N

~10GHz >




Search Function
Conventional Bandwidth Synthesis
B T
j {j S(f, t)eaiZRfoAitdt} e_iZ”Adef‘
0 0

T
Wideband Bandwidth Synthesis

B
j { j [ S t)]e(;iZn(foﬁ)Aitdt} e-i2mhef g
0

0 A
combined cross spectrum over all bands

F(At, AT) =

F(At, AT) =

L

/vﬁ

fo : reference RF frequency

Kashima—Ishioka baseline

ISHIOKA _jf

.~ TSUKUBA -

KASHIMA %>

(".003](: carth




Frequency Allocation

Bandwidth : 1024MHz

\ 4
\'\

; ; ; ; €@ direct sampling
] | |%ééz | | |
0 2 4 6 8 10 12 14 16 GHz
[ 5 6
N N
| | | § | § | > f
0 2 4 10 12 14 16 GHz

NIL{7?
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combine all bands without any correction

cross spectrum

CROSS ‘SFECTR‘ M( MF'LIT DE)

(s.ec )= B0

"\'\
:jf"f"“"r'

8

FFEOUE\JCY (GHz)

CROSS SPECTRUM gPHASE)
KAS34 = ISHIT

QURCE: 3C84 PRT 2015/016 12:40:30 Integ:

L
10
FREQUENCY

(GHz

search function

) SEARCH FUNCTION (16384x128)

KAS34 — ISHI13 Ret } = e144.00

Ar o) = 0.1782
=-0.0145
M-(-/-; =-2.3860-012




combine after band delay and phase corrections
using reference scan data

[
cross spectrum search function
CROSS SPECTRUM (AMPLITUDE) SEARCH FUNCTION ( 64x128)
KAS34 — ISHI13 & -

SOURCE: 384 PRT 2015/016 12:40:30 Integ(sec)= 60.00 0.

) J " T I i KAS34 — ISHILS mwu]-ctum
Souree : acas+ l(ategration (IEC] 80.0
PRT : 2015Y 160 12:40:30 mam} a2)
B'{I{.&] : 788000 -lk-oﬂ!

M mee = -5.6088
=-0.0127
M(/ =-2.0683e-012

g oo?
FREOUE“NCY (GHz) ] " 05‘
CROSS ‘:vPECTRUM (PHASE)
180 SOURCE: 3C84 PRT 201 /016 124030 !lg( ¢)= B0.00
‘g o0 F . ’ 0.020’,,_9
S 0 I A A 2 % T
g_gz _ \ ' —— 1..% _
e - é‘ I . iJD ‘ 1t2 ‘ 1I4 - B
FREQUENCY (GHz)
theoretical error = Z'Hs -
integration period = 60 sec
another example
[
Frequency Allocation
Bandwid+h : 1024MHz
N

Y

1 3
7

] % | ] %‘
4

] ] > f
6 8 10 1 14 16 GHz
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1073

1074

AMPLITUDE

180

PHASE (deq)

|
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—180 L
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after Wideband Bandwidth Synthesis

cross spectrum search function

CROSS SPEFTSRUM ('_ﬁMPLITUDEﬁ
M34 - IS
souncz 3(1739 PRT ms,fzze 0€:50:00 nq( ]-1103041

10 12
FREOUENCY (GHz) %
CROSS, SPECTRUM (PHASE) §
ASHIM34 — ISHIC
SOURCE: 362738 PRT 2015/226 06: ooo Inteq(sec)=1198.00
T > T T T
S etosnn H R

FREQUENCY (GHz)

integration period = 1200 sec

SEARCH FUNCTION (200x2048)

0.004r
m m | KASHIMI34 — (SE(OKA
Source : 3C373B
PRT : 2015Y2260 085000
| BW(Mtz) : 9424.00

Ret Iﬂ'l} = 3200.00
m.:*.:ﬁﬁ.. (sec) =1200.0
Peak Fosition ( 100,10186)

i =2.188e-003
Ar {nmec) = 02688

7 =some-aia

Effect of lonosphere

ATEC =TEC1 —TEC?2

IVYEE;?

i




Example of Phase Spectrum after WBWS

o
I

PHASE (rad)

<
N\
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= —2maATECf™! — 2nfAr, + ¢.)
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N
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FREQUENCY (GHz)
NIC T)

(o]
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Simulated Cross Spectrum
(after WBHS)

CROSS "PECTR M (AMPLITUDE)
SOURCE: 3f84 PRT 2015 /o -124030 Itq( c)= 60.00

AMPLITUDE

1 " 1 L I
8 10 12 14
FREQUENCY (GHz)
CROSS SPECTRUM SPHNSE}
KAS34 — ISHI1
SOURCE: 3C84 PRT 2015/016 12:40:30 Integ{sec)= £0.00
T T T T

180
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v 8

90

|
w0
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-180

8 10 12

FREQUENCY (GHz) a Ve ’
ATEC = +100 TECU cK




Model phase after TEC estimation
and residual phase

MODEL FIT PHASE (METHOD 1 : W_MODE=1)
KAS34 — ISHI13
UUR E: .,/84 PRT ’JOL,/mc 12:40: do Integ(sec)= bD 00

model ¢ ” %
phase ¢ //,,-—~ :

FREOUENCY (GHz)

RESIDUALS (O-C)
KASI4 — ISHI13
SOURCE: 3C84 PRT 2015/016 12:40:30 Integ(sec)= 60.00

PHASE (deg)
o

180 F v T v T ¥ | T T]

residual ¥ ! . :
L Bt g

phase 7 | ' g
T —-90 - s ‘ : -

W W (/cr)
(g

FREQUENCY (GHz)

VLBI
With a Small
Antenna
System




MARBLE System




VGOS (<-vLei2010

defined by IVS

VLBI
Global
Observing

System

IVS: International VLBI Service /7
for Geodesy & Astrometry ”JET

VGOS GOAL

e ] -mm position accuracy on global
scales

e continuous measurements for time
series of station positions and Earth
orientation parameters

e turnaround time to initial geodetic
results of less than 24 hours

NIE??
—




Summary of VGOS Specifications

Current VGOS
Antenna Size 5 - 100 m dish ~ 12 m dish
Slew Speed ~0.3 - 3.3 deg/sec | > 12 deg/sec (single ant)
> B deg/sec (pair ant)
Sensitivity 200-15,000 SEFD < 2,500 SEFD
Frequency Range 2/8 2-14 GHz
Polarization RHCP Dual Linear
Polarization
Data Rate 128, 256 Mbps 8 - 16 Gbps future 32
Gbps
Data Transfer Ship disks, some e- | e-transfer, e-VLBI, some /7
transfer ships /4
"
VGOS Network anticipated for 2017
Strong in the North Polar Region
Weaker in the Americas and Pacific Region
@Ny Alesund
Onsala‘ @ Metsahovi Cha@chun
.’Westford Yebe @ Wettzell Nanshan@ @ Ishioka
&y o o @Shesh
. Kokee Zores . Noto eshan
Canary Islands
@ Katherine
@HartRAO
@ Yarragadee
@ Warkworth

0]
Hobart

@ Very fast broadband antennas

@ Fast and legacy broadband antennas /7
(after Petrachenko, EGU, Vienna, 2013) NICV




First VGOS Antenna in Japan

Ishioka 13 m
GSI

Outlook for the future

e Wideband Bandwidth Synthesis
(WBWS) on the inter-continental
baseline 1o proof ionospheric
correction

e Evaluate broadband system proposed
in VGOS

e Continuous technology development
for e-VLBI

/vﬁ




