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A study on multi-temporal interferometric stacking technique to estimate large
displacement from SAR observation data with 21 ambiguity

Abstract

One of the interferometric stacking techniques, called Persistent Scatterer Interferometry (PSI), is widely
used to detect displacements on artificial objects such as buildings in millimetric order. However, PSI has
some limitations because the range of the phase to convert the resulting displacement is limited from -n to &
(2m ambiguity). Since crustal movements are active in Japan, it is critical for the displacement monitoring to
solve this limitation in PSI. Consequently, the purpose of this study is to propose Non-Linear Non-Parametric
Persistent Scatterer Interferometry (NN-PSI) that is able to estimate large scale displacements influenced by
21 ambiguity.

Two components in the PSI procedure are improved in NN-PSI. The first is to detect the height for the
estimation with displacements having non linearity in time (non-linear displacement). The second is to use
the spectral analysis based on the multi-baseline model when estimating the phase difference by displacement.
This estimation does not depend on any displacement models, and it might be possible for NN-PSI to estimate
non-linear displacements without any empirical parameters.

After the method proposition, NN-PSI was evaluated by a numerical simulation to understand its ability
of estimating several types of displacements. According to the simulation, the significant improvement of
NN-PSI is confirmed in the estimation of the displacement influenced by 2w ambiguity. The validation with
the real data was also conducted. The estimated displacement by NN-PSI was compared with GPS data over
the Kanto region in Japan, and the results by NN-PSI show good agreement with the GPS data. It is also
confirmed the capability of NN-PSI to estimate non-linear displacements on some buildings.

We conclude that NN-PSI enables to estimate large scale and non-linear displacements that limit PSI
estimation due to 2w ambiguity, and this improved method leads to expand applications for displacement

monitoring in urban areas.
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(Bl bic, BRAIEMIBINRZEEN L 725 2 A%, PSI I X 2EMHEESKREEE 72 5,
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ZALHSK & WIIEHI PETIR & Vo e 2 Y 7 Clt, SAR Bl ORI CH B HlNiAL 0BG (L
Ad—oN) c kY, FEAEREFMAT 2 FECMMET v 7y 7 CIIEL S BN EHEETE X
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FOIEK, Okt X CHKEWEZR 2 2 it IFFICEETH D,



1.2 BRIV TSN E DRI

F L IC, RERYITUMITE ORI Z IR T 2 720, Fihof# L 7t 5 SAR o@lEHi 7 —
2, REMZFEBSIPCRE TRV TN RHECEFICOWTEET 2,
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Figure 1.1: Observation system of the spaceborne SAR.

SAR #lllic X 2K mAN £ =%V v 7, Gabriel(1989) 512 X Y &5 & 7= Ttk 2
&3, Figure 1.2 1T Feb@bmikiz, F—x VU 7% 2 [BIEGHI L, BLHHHR P i 5B i ic &
fisd 2%t i, 1 BIHBLH (v 2 %) O v 32 SR E COHFERLE 2 BIHBIHIA L —7)
DEREER2D AR & 72 5 o SAR BUMECE 2 W C LI 2 2 & TRE B MAMEICK Y, 20
FHEE D2 AR KRS 2 Z L 3T % %, Figure 1.3 13, ~ A ZHRE 2L — 7R (EX) %
WCTHRITE 2 EM L. Tl (G 2ERLHEEZRD TH5, 2o THEigRIT,
ERARROMMHAZZ R L TE Y| ZNORENKRE (| HEZOHIHTH -7 0o a2 R T
e, NN —v e Y iEERkE 25, T 2RO~ A 7 uiRics T s itHEEENE
CHRE L, BLIEARIC 351 2 iR 22 2 2 HEE 3 2, TR A0 R 22 A7z 4E ©
T 5Tk L L CHEL T % A3 (Bamler & Hartl, 1998; Biirgmann et al., 2000; Franceschetti & Lanari,
2018; Gabriel et al., 1989; Gens & VAN GENDEREN, 1996; Massonnet & Feigl, 1998; Rocca et al.,
1997; Rosen et al., 2000), ~ 4 7 v DO HAH 2 K5 H DK ZE A (Figure 1.3) 1 X Y 3E#%E L (Tatarski,
1961)., % OIEIEDFZE D TITIEDHEEZNIC K E e B 52 5 2 &2, TNE TOMSET
HH & 2>12 72 5 T > 4 (Hanssen, 2001),
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subsidence

Figure 1.2: Differential interferometry SAR (DInSAR) technique to measure the surface
displacement. The difference of the distance from the sensor to the ground surface between 1st and
2nd acquisition. R1 and R2 represents the distance of 1st and 2nd acquisition. The water vapor
causes the noise in the interferogram.

Master SAR Image

Interferogram

8
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Figure 1.3: Interferogram that indicates phase difference between the master and the slave image.
The amount of AR in Figure 1.2 corresponds to that of the phase in the interferogram.
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2001), T OFKIE, BRI BT B OAHZE Z AR HINCHAT L. KSUEIEIC X 2 hiH7E O & % B
DR itk b, TWMIMEORMER 2 FRT 2, HARICHWTD Deguchi 5(2009)1c XY,
KR ARXRMMT v 7y 7UL T — %8R 2 BRI T FEsMRE S hTw3, oh
T COMEL BRI XY . RERVITHBN TR X 2B HEDREE L, ¥ 7y FA—-LAp
LIV A—=FATHDZEDER SN TS (Ferretti, 2014; Pasquali et al., 2014),

SAR BEHIELER & F\» 72 IR R T T 12 . ZB0IHEE D3R A Figure 1.4 1IR3 A ¥ b X —
Ty b LWL =7y MICX Y KRBT B LR TE S, Figure 1.4a 13, IR I iz~ A4 2
a2 () DIFEAEREYICKF L v FOHMICKES (), R4 v FE2—=7y PERLTO
%, Y NLREEY) 7 E0MEE T 288 mI T, iR 2 & 0B TRGEL (RS 28R A v
MR =7y % T b, Figure 1.4b 1k, WS Sz~ 4 7 v (OF) 2L CELS L <
LTt vy HicEL Ry (B), 98 —7 Y PE2RLTW5, HHERERHAT L) 7T,
s =y b b, MRS L OBRTEELDE 7 B, BERFIT RN OB A R T 5 7=
O, KAV EE=Fy b eGEE—7y P OZNZENDONREKNFETH % PSI & SBAS iICDW\T
Wi 5,

(a) (b)
Figure 1.4: Examples of the point and distributed target. (a) shows the point target, and (b) shows
distributed target. The red arrow is the emitted radar beam, and black arrows are the reflected ones.
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Figure 1.5: General concept of the persistent scatterer interferometry (PSI). (a) shows how to select
the interferometry pairs for PSI, and the yellow point is the single master. (b) shows the wrapped
phase images generated with the pairs and how to estimate the displacement in PSI. (c) shows the
example of the resulting PS displacements at the point targets shown in (b).

PSI OF D O & Did, BAHEERFICHNL L 72 € 7 v VIC TS 2720, & v 325 FF0 22
PR 2 BRRIRICHIFHCE 5 2 L TH 5, RIHEEDZEMMBERIED & . BITEELM e Y T
PR ER D=0, NIHGEYOENE= 2 ) v Z7ICEH I NS Z & 23%\», Sousa 5 (2013) 1%,
BN T BRI © ERS 1< THIMIL 72 SAR 77— & 1C PST %@ L. 2001 4R 1c#bKIc X 0 filE L 7248
B3, BOKATICKEKEBEL Tz 2 LI LT 5, ZOMFEIEPSIOA Y7 TR
7F ¥ BT SEE~NNAE=2Y) VT ~DEMERTR LTS, S, PSI 35 L2EY)
EWVvo KMo N THGEYIOEN =21 v 7S X 11T\ % (Lazecky et al., 2013; Othman et
al., 2019; Pratesiet al,, 2015), ATHEW L€ =2 ) v 7 LIANMC S, §hlll, BT D 7. B &
OHIE D IcB W T, PSI ICX 2N E=XY v 7 OHEMEDR X LT % (Bayer et al., 2017;
Dong et al., 2018; Mura et al., 2018), HATH ., PSI ZH\\CHiZAT V 7 kIl D HIFRH AN %
HETE L T\ 3 (Ishitsuka et al., 2016; Morishita & Kobayashi, 2018), % 7=, iTHFEDEITHIIE Tl
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Y v 7 OAREM: H R E T % (Lombardini et al., 2014; Siddique et al., 2016),
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ZEALICER S, AN REMNO X e, ¥—=2 =27l KE kY, —EHEcAE R F
BT B L 7 B IERIBIN R AN OHECICHE S 72\, CORERIZ, W 22D PSIOL Y

—iIZB T H IR X LT % (Crosetto et al., 2016; Raucoules et al., 2009), 27 7 v ¥ a5
4 D3 U B BUHIRC#k 0> O REFL 2 HEE T 2 BRORE A OFEM X, 1.3 fio [BHEIEIc BT 2 M8
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1.2.3 SBAS
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HMLTEY, ZNOBDARWTHNDOTY 7T CREMMBEEDIHEL VWEEZOLNT WS, ZD72D
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%X %,
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BBWHCCERT 2 THERGEZFERINLE -0, FFE{ES M (SVD: Singular Value
Decomposition) 1 & O ZH0ic X B iHEZHEET %,
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Figure 1.6: General concept of the Small BAseline Subset (SBAS). (a) shows how to select the
interferometry pairs for SBAS, and the multiple pairs are selected in each observation. (b) shows
the unwrapped phase images calculated by SVD. (c) shows the example of the resulting SBAS
displacements at the distributed targets shown in (b).
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SBAS 13, /ARXTZ AN T v 7y 7B EEN T 2720, 2aT7 v X247 4 %4EL
ZEIHIEE Rk O REMZHEE TR, £=2 Y v 7 OxtRIT, 4 hr, #ig T, kil #HiE
ST H T %, Lanari 5(2004) 1%, BINFEHEBID ERS 7 — X 2 L. v ¥ v ¥ &
IC SBAS % L. GPS LHEEZM DM —E T 2 Z L 2R L. COFEDFEMMEZRL T
W5, O Y TIE, HENTE & T KoM R LI X B 1 FR ORI A L 2N RE L
PSI TIIHEEDHE L WIERIERI 22 HETE 2 2 L 2RD LT 5, Z OWFFELARE. Sl
KB 7G5, B, Wifgh L oZfie=2 ) v 7IcEH I, ZoPHESHEE I ATV S
(Chen et al., 2020; Hu et al., 2014; Karimzadeh et al., 2018; Murgia et al., 2019; Shi et al., 2019;
Zhao etal., 2012), HATH FHER I TIERH L TIC 31 2 B H1IC 3510 3 IR HZENZIC DWW T,
SBAS 12 TN 2 LT\ 3 (Aimaiti et al., 2018; Doke et al., 2020), SBAS OG%MEBRRI N D D
WXL, Casu 5 (2006) 1%, SBAS OFtHEIEFEICH T AT v 7 v 7RO = 5 — 53, ZNHEE
DIEEICKE B % 52 2R ZER L T3 ,SBAS 30 #Z —7 v FEXRE LTED,
HEERE O FICiR KK A XOBRECNMHT v 7 v 7AROBR AL R TH Y, b o]
BICHL Y fH T IFFE IR, BRTE D B ETH LT\ 5 (Hussain et al., 2016; Morishita et al., 2020; Yunjun
et al., 2019),

1.2.4 B3R5 TSR R DR

INET, PSI & SBAS iIcOoWTOMFHZB~7A, Zhd ZflaT 2 FHEbREIN TN
(Hoetal., 2020), Ferretti & (2011)1% PSI L3R L, 70X X — 7 v + OHEE D AIHEZR . SqueeSAR
EWVIRRFEEREL T3, 72, Hooper (2008)1%, PSIICE % PS fiDiEE ST k% KA
L. ZOHEE DA FRIC SBAS THIFIZ 415 SVD #iH L TWw3, b ofiffstix, PSI &
SBAS DEtRERE ZHAADE S Z LT X b, KRIITHETEORER Z MR L T 525, PSI
b LI SBAS Ok & e b, L 2T AT Y XX OFFEIE, PST & L < 1x SBAS LA
FeHEZOND, 2O L XD RWFFEICE W TIL PSI & SBAS Zlé L 7= Fikix. PSI & SBAS
DWTNHPICHET 2D LT 25, T Cili~7 PSI & SBAS OFf# % Table 1.1 IC¥EFE S 2,
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Table 1.1: Characteristics of PSI and SBAS.

ltem

PSI

SBAS

Target feature

* Point target

i.e. Artificial objects,
Buildings, Bridge

* Distributed target
i.e. Bare ground, Vegetation

Spatial resolution

+ Maximum spatial resolution
with sensor
- Pixel independent

* Lower than PSI
+ Use surrounding pixels for

filtering and phase
unwrapping

Observation interval

- Short observation interval
is preferred

* Long observation interval
can be accepted

Estimation accuracy

* High
+ Millimetric order

- Lower than PSI
+ Sub-centimetric order

Spatial phase unwrap

* Not implemented

* Implemented

Displacement model

+ Linear

+ Linear and non-linear

Height estimation

* Robust

+ Weak (depends on the
reference DEM)

Minimum number of
the scenes to
estimate

+ More than 20 scenes

- 10 to 20 scenes, but more
than 20 is preferred
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1.3 BIEMRICE T 2EBELOHH

e RINTHENT IR L. N ORI 2 BB ST 2 L ABARETH 5, Lo L., mEY»F
ET 2HTIRCERPRKECIET Y 7T 22 T Y EF 2 4 7 4 OFEIC X ) Rtk 4
T3 RENLIZ, SBAS & PSI TIRIELKHEELTE R\, £ 2T, stHFEOB L2, &TFiE
DZENHEEIC BT 2 MERZER~ 2,

SBAS OFH#IT, BNHEEICE T2 22 T v e ¥ a4 74 OiliR%EZ, ZERMICHET 27 -4 %
ERHL VT Y 7y 7R 2 2 i X Y, 3 % 15 TdH % (Costantini, 1998; Yu et al., 2019),
T ORI XY | 22T IS AN ELRE Ze G AH 2 A @A ) e AR I 2S5, L L7aad . Figure
L7 2R T X5 IS E X DH 2EYMBIFET 2 HEIC B W T RoIRE L T 3 SAR BT,
LA A= (Bl %) 2358%E L (Hein, 2003), (7M1 7 v 7 v ZHBEHIE L < BERE L 72 \>, SAR D
BIAICIZ. SVEMSFET L2y ECORBES I L E CoOlEE L Y bR R Y, Z0EY
TRE L=~ A 7 adid Fodb ok diLice v HIcRE 2, 2D7-o, B L7~ SAR BLHIE0 8%
DWW L 785, HlZIE, TR LRI FAET 2 & LA A — D7D HEDI
O+ 2, 200, (T v 7y 7HEEZERL THALOEMNEZHETE 2L kb,
Figure 1.8 (X, Z OfJEIC DO W TEMARN2EELZ R L 228 b@H L T\ %, Figure 1.8a TITAKHM
W22 (A CTBIIL T ), EXDOTFT LY T 227 v EFXal T4 DEICLYIA
HWHLL o Twd, LAF—"HELRWZ ) TClE, T Y7y TR EFEET 5 2 L
L0, ARO X S I ZEMINISEFE L TV R EMNEZ T 5 2 23 HEEL 72 b, L2 L. Figure 1.8b
DESCLAF=—NLRZ2Y)T (EROER) I TRRBAEM 2B 2 L, fHED
WORANED D, ZD70 AKMEHT 2MHELREZ T — 22 CTHEHET 2 LIty
LD XSl T v 7y 7B 2 EfEL Th . ARDOMAHED & — v (Figure 1.8a D4[X)
ERBTE RS RS, LEDBoT, LAF—NERZZVTICHENT, 227V EF 24T 4 DiE
BT, 2t icfif s s fifEicAEGEr ST 5E1E, H7 v 7y TN E
ML CHAKRDER ZHEE T 2 Z LA TE R,
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G0 Data order on the ground: 1-2-3 -4
Data order in the SAR geometry: 1-3" -2’ -4

1 2 3 4

Figure 1.7: Order of the observed data over a building with SAR observations.

om omn 1m on om 1m
om in -1m Oom 1in 3m
|
v
in - -1 in 3n —>3mn
wrapped phase unwrapped phase
(a)
om on in on on 1in
omn -1m -1m on -1 11
|
v
1m 1 -1m in Bn —>-1m

wrapped phase with

layover (yellow pixels) unwrapped phase

(b)
Figure 1.8: Issue of the phase unwrapping method around the layover area. (a) shows the phase
unwrapping result with normal condition. (b) shows the phase unwrapping result around the layover
area. The pattern of the wrapped phase and unwrapped phase are supposed to be the same between
(a) and (b), except for the layover pixels.

17



PSI . A4 v b2 =7y b TH Y HIHRTEELA R N THEEY O LN HEE B WREL 72 5,
Z OFHEERRICE VT, FILOERD ) 4 Xk #EF 5720, MHT v 7y TRUEEFER L R,
%D 7% SBAS TIIENMHEE L L V. LA F — "D L) 7Ty EMHEE A HE & 72 5 (Siddique
et al., 2016; Zhu et al., 2019), L2>L 72435, PSI 320 7Y € ¥ a7 4 OHERZIT 5720,
HeE v RE e SR B ARIR I NS, PSLICB T 2 20 7 v X a4 7 4 OFIRRIE. Jeicb 767
v 7y TUE L BRI B Tk, Ferretti (2000) I X WIRE I T3, L LAadb, 2OF
HE BT 27 — 2 DREHEER T 220 LA+ =D Y 7 ORIEIZARTE v, 72,
PSI iIC 5 2 IEMRIBI R O OHETE 1L, B4 T Sefh e HEE T T A IRE L AN A HEET 20
Ishitsuka & (2014)13, £ 4, ~Nvazicksd 3, #HFKIC X 2 HEHE % PSI OHEERE R I

BRI T B D, BT ) TEA OHEE T T RS LR S LT 3 (Jiang et al., 2021;
Monserrat et al., 2011; Shi et al., 2019), H#EEET LV ORES T, MBITZ ) 7T DL T A — &
BHELIN, oz ) 7 OMRHEMOHEE I ITEHLEH L WEEZXONDE, 2D L XD,
PSI DIERRIEHY 72 2206 DHETE 13, TR ICHED KR 5, 723, SBAS TRIMAHT v 7 v 7B IC X
D 22T vEX 24T 4 OB X ANERER R L AR L TR 2HEET 5, %
D7=®, PSI XV b IFBIEH L ZEMOHEE X ICERTE 2 LFEALbND,

IR 5 TS ARHTEE O i & I s 2 B3 L, Table 1.2 1039, SBAS [ 22 7 v e F a2 A7 4
DRI XY ARt E U 2 Z M DOHEEIZAIRETH 505, LA A — "D Y 7 OZAHERE ICE
I, T2, BEED PSI (ConvPSI) L A4 A =" ) 7 OENHETE IZFTRESS 25, KEE a8
FLDOHEEITITEE 22\, Lo T, RERIITIENTE 1. SARBIHlIC TL A A —oN 8 e 20T
WG IC T 2a T v EF a4 7 4 ZEL 28RS O KREMZIEL {HEED TE i
BB, £ T OREER RT3 RERITEITE L, IREI L Twiany,
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Table 1.2: Advantages of SBAS and PSI.

Urban Large scale
o Non-linear
Method areas/Buildings | displacement (Limited o
o Estimation
Layover by 2t ambiguity)
SBAS x* o o}
Conventional PSI
o X A
(ConvPSI)
Proposed method
O O o)
(NN-PSI)

*: The symbol, O, represents “good”, A\ represents “partially good”, and X represents “not

good”.
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1.4 FFEOER

SAR 7 — & & Fl\» 2 RER G TR X, A DHEIC 2 ) A — b L O REEEIC CHb R AL
BHETES, L2LAERED, TNLDTEIF SARBHITIILA A — L R 2@V IEY TS
ZHEHIRIC BT, SBAS TN T v 7 v TR ORME, PSI TR 22 7 v e ¥ a4 7412k
MIREIC X D REGMLOHEE 2T 2 72\

AWFFETIE, VA Fd =T ) TICCEMOHEELHETH S PSTICEH L. 22 7T v EXa AT
AT X ) RNEGEESFRE T 3 KENM ZHEERRE L 3 5. Non-Linear Non-Parametric PSI (NN-
PSD) %243 %, PSI DZEMHEE DHEBIRIC B WT, HEEEFAZIE L WTiER R L, 2
a7 VEFXad T4 X BMEERRT ZHEEE MRS 5, RELAFEIE, EHATRE M
KRINEALOMECZN B OFMHI ALz, Ffds I 2L —3 a v &[T NN-PSI DRE
AP 2 B IC 35, K<, NN-PSI % EBIESICEH L, GPS 7 — 2 % v TEMHEE D
KRS 2, 2L C. 22 7 v EF 24 7 410 X 0 MEFEESFAE ST 2 KEMD L < IZIERIE
M7 2R TR XN T B T Y 712 NN-PSI 2@ L. IREFHEOEMERZRT,
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1.5 KX DR

AKX DL % Figure 1.9 1R 3, 18 [FFi] Tld, Ao TRZIE L. FERYITH
fEtrBIcB T 2 HEFEZ AL, 2o of@ER 2z L, AR OHNZ R T,

% 2 % [Non-Linear Non-Parametric Persistent Scatterer Interferometry (NN-PSI) D¢ | T
X, RERVNDOZENL % I U A — PV ORGE CHEE 23 n[HE & X 1 5 Persistent Scatterer Interferometry

(PSI) %R L7 NN-PSI #42% 3 5, PSI ORRIIOLENHEETIH, 22 7 v EF 247 41C
KO HEERTRE R AL RICHIR DS 2222 5 7200, BUETIRICE T 25 S OPRIE ST R L AL OHEE STk
ZWR L. ANHREDSE L 2 RN ZHEETREL T 2 ik 2L 5,

B3 [y I 21— 3 vic X 2 NN-PSI oM Ol | <k, iy IaL—v 3
vaRHWT, BRSNS 22 L, NN-PSIT 238 W RE e 2 O fFHC AL RIS D W T
3 %, NN-PSI (3, BHEFE LY b @S PR EEOHEHMZILRET 570, ftHE=
A PEHIHT 22 ERLEFT L, £ T, NN-PSI ICCET 25t HHIFHZ 28 L, BAHEERS
RICEZ 8RN T 2, 720 X=X 7 A4 VEREECBRABHIE & o 7272 O 8L S 03 2207
HEEICH 2 208 2 iR L. FEBLHGEH~ NN-PSI 2@ 3~ % 7- © o Bl 2 R 3,

%5 4 B [NN-PSI o FEERHIELER~ D | <lE. NN-PSI % &5 0 L — & 0 EBLNECER <8 H
%, GPS & NN-PSIic X 2 #EERI R 2 LI L. REFEOHERELTET 2, £/, 227
YEXa AT 4 OB XY AL 5 REMAFEEL TwaE ) 7I2 T, NN-PSI %58
L. ConvPSIC X Z2HEERIR L LB L, AFEOHUMEZ RS,

55 [HEm] ClE. AUIEOMREHIET 5,
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Chapter 1 : Introduction
The research background, previous studies, and objectives are discussed.

~~

Chapter 2 : Proposition of Non-Linear Non-Parametric Persistent Scatterer
Interferometry for the Large Scale Displacement over 2 i Ambiguity

The problems in estimating the large scale displacement in the conventional
approach are evaluated in order to propose Non-Linear Non-Parametric
Persistent Scatterer Interferometry (NN-PSI). The new PSI approach using
temporal coherence in estimating the displacement, based on the spectral
analysis is proposed, and the calculation ranges are defined based on the

velocity and height ambiguity.

Chapter 3 : Understanding of the capability of NN-PSI by using numerical
simulation

The NN-PSI approach is investigated by a numerical simulation method. By
changing the displacement pattern and the amount of the one, the accuracy of
the estimation by NN-PSI is evaluated in order to understand the capability of
NN-PSI. The feasibility and limitation of NN-PSI are discussed.

~_~

Chapter 4 : Evaluation for the NN-PSI Estimation by the Real Data Processing
The NN-PSI approach is applied to the operating SAR data, and the estimation
result is compared to GPS data in order to understand the accuracy. Also the
improvement of the estimation is confirmed by comparing with ConvPSI. Some
case studies to detect subsidence influenced by some underground
constructions are presented to show the versatile of NN-PSI.

Chapter 5 : Conclusion

The outputs of this research are discussed.

Figure 1.9: Dissertation outline.
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Figure 2.1: Process flow of the displacement estimation by conventional PSI (ConvPSI).
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BHIL 720 ZE2 S @S OMMHZEZIY B2 0 Th 0| MikAZLEEIC X 3 6HE Tk
VW, 207, FEHEERICECTIE A RIS MEEDE TR TE Y, NEikEtkEs 2 4 X
L RKTZAEEED E . DI AL H—DFA v b DA TEMMERE % % ConvPSI T,
28 TYEFX a2 T ALK AERMEEZHEL, BRT 20 kREELZEZ T2,

INET, ConvPSID 27 7Y F a2l 7 4 OREILFELOMMHELZFMA LY Z0cHEE
ETNEMEHT 5 & THRL T35, AN ZRMRTEE LCld, LY 7 2 oZ8f o
W X0, PIAHZE DASETEE & P L T w5 (Ferretti et al., 2000), & OJ7EOE&X % Figure 2.2
IR T, Figure 2.2a Tl #%FHEL235E < A7AH 7 4 X234 70> 3 /1 (PS1, PS235 X UPS3) 73,
ZEMINCH A O BRI E D I IR ICHE L CFEET 2, HROPS2TIE, 207 Y EX a4 T
AT K AR A U 2 A & 70 2 KZEAL GUERILT) 23542 L. ConvPSI i X b ZEfiHEE
L78¢r. Figure 2.2b 2R3 X 5 ICRNEfREA G TN LM L b, TOLA. PS2ICB T 5 R
HE R AN R A 7 b D EARE L, PS1EPS3DEN #5832 2 & G F#Em & HWT L., PS2
DA A LT B AT 2 EIC 2 2 X 5 1cEM %> 7 b4 5 (Figure2.2¢), 2D X5
i, ConvPSI Tl FEERZ R L <, fitlzEo Nt fiEs 5,

Lo L, AAEREEH L CHET 3 FER LA - 222 7 TCRAMTE R0,
RARR IR IRRTTIE L 1372 6 7, F 7z, IERIBII RN N 2 — i X 0 | (iAEZE IC AR 237
AF 7 — 2T, WEETAREH LMBRT 255085 555, & OFF RIS R GRS 5
L7570, PUHICENT 2 2 LB TE RV, Lo T, ConvPSLicH T, EROZEAKZ
WIVTICEWT 22 7YX a7 410X NERIESFEE T 2 REM 2 HE T 256, B
HREFHAT 27 EE VA A= D70BHANH L, T/, HEEETVERED L IIHES
5 HE TR, SEBRN 7R N T A = 2L B D MR RS, 2 D720 BEEICE T 22 T
VEX a4 T4 ORER RS 213, YO v 2 e A CEMHEERICHEEE T A2 L R
FEPMEL 72D,
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Figure 2.2: Process flow to avoid the 2z ambiguity in the displacement for ConvPSI. The black
line in the middle of the plot indicates the actual displacement.
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7 F 7 LB THRIBNAZMNTRVWEETH, ELLEIZRETE 2 7K RET 5, =D
Ho, ZUHEEDHEICE T I2HEIE, ~VFR—ZA T[4 VETADARY PAfRNTEICERT
%, Fornaro 5(2009) 1. ConvPSI OZEHEIC AR M ATEZRIGH T 3 2 & T, fEGE
DIEET HNAMHE» O ZIEL (HEETE 2HREMEZ "B L Tk Y, ConvPSI @ 27 7 v EF
2474 OREEFRTE ZFREMNELR D B LEZ BN D,

FL®ic, ZNZTNORRETHBL CHEAT 2 EV A2+ 7 L2 20 TS %, EV 2~
7 b7 LF, BEEEMEED 2 HABRAL T A MHEE TN ENOESICHRT s %
Hi& LT3, Figure 2.3 13, EV A7 } 720K ZRLTE Y, EVAR7 7 LD
HiDVel,. Velys Velg, - Vel, 3RALEEDEZ R L, Ml DElev,. Elev,. Elevs. -, Elev;|3
B DEERT, FUORRIL, HREBMOEMICI VKT 25T LEMEEOFMEICX Y, EV
ZRY T DY A RIET S, EVARY F 7 LDKLALDfyiE, FiRblar —L v 2DfH
RV, KRdllae —L v Rid, L DE SElev & ZHEE Vel DEIC K VFIHRH L TRE 5%
TNl T A L B L 72 OB 2 R SR T H b . KRSl e — L v 2R OfEAE
Bt EleveVelDfflAGbd X 27 0 & BUHlONMHEZEDOHBAZ G Z & 27" d, Figure2.3 T
F v (H) 2BRRae —L vy 253E L, okl (B) MEwZ e ZzRLTEs) K
DOHLOKRRI 2t —L Y RyBI)DMHEB R D EL RD L ZR LTS, Thid, Vely&Elev,
DI AGDLEPEH L 72(AHECROELL T2 2L 2KT, BRSlar —L v ROFHHe,
EV 27 b 7 LOVER A BRI, [23.3EV 2A<27 + 7 4] Tk~ 3,
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Figure 2.3: EV spectrum used in PSI approaches. Elev; Vel and p are the values of the elevation,
velocity, and temporal coherence respectively. The bright cell shows the high value of -, and dark
one indicates the low value of y.
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B L 7207407 & & B E WA (K TlElevs & Vel,DGE). £ D—T % & X OFERY| =
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FHlae—1v v 2%Ey(1,3). y(23). BXUy({,3)eFEKT, Figure2.4b Tl, FiR¥lae—L v R
CCHEAT L7z, ZAEEOMHEZERGDLE L EIC XY, BT ICHE L 7 3 EM0E
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FEZONDETRCOBNHEIC L ZMAMHELFEL T 2720, CoiEeRE 2002 81
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Z DFE TR E LIEZIT S 2 £ 23 T& %, Figure 2.5 1%, Figure 2.4c TREINTW5, Bfi&E
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72 200N, 1 BRI OZN DD 2x LA E & 72 2356, EfERFE LVMHARY ¥ v 733
X o HR L%, Figure 2.5b Tld. FEketEOM@T 2 R0E L. @i 220 ICHiiEL T 5,
ZOFHIEIFFI Y 7 VI B W TEMATEETH 5, L7225 T, NN-PSI IZ3 0 CTldAEfitk: 23
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Figure 2.5: Concept to solve the offset from 2 # ambiguity in NN-PSI. (a) shows the phase
difference estimated by NN-PSI, and (b) shows the corrected phase. The black line in the plot is
the actual displacement. The red points are the estimated displacement by NN-PSI.
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2.3 NN-PSI OZA{#E DETHEF %

Hifficld, NN-PSI I 2 RS AWEIL 7228, & 2 CREMEFEOFEMEZLRX S, WRE
3. EV 2 _2 } 5 LDE I DRESEL LR N AT 2 L =26 EEch 308,
NoOWELEIR, v L F =27 4 vET ) (Pasquali et al., 1995; Reigber et al., 2000) & ZE < B
BT 2720, FLOIKIATFR—ZATAL VETAICET BB AR+ BT EIC O W TR
T35, 2D, NN-PSI @ EV 2<7 } 7 LICE T 58 S ORESE & BMHEE S FEICO TR
~5,

231 TILFR—XT7A VETI

SAR BLHlIC BT v ¥ bR E TOMREHL. THXT7OUHEIC X VFo 5 HEIC X
DEHHFEECTH 5, v A FR—RATAETALTIE, THRTIKCIVEONIMMHER LD XS &
ZRRICKOVRELCH2D2%ETMUELTEY, ZOETLOBEEX % Figure 2.6 IC/RT, 72
B, HREBEEHMNO SAR & v IXEHMICBIIL T 2323, PSLICEWTIIRL v P &2—=7 v T,
v e VAL OB T 57290, 2T TORAFR—2 54 vEFLDHIZ SAR Hiff oo
1272t s T 2RER OB SR L 2, £z, AT T 2 SAR Hiffi, SLC &
M3 2 WERBOBHIGE SRt T b, R > OB TEELOE & 278 TIRIENE ] & #E
D ZL RS R 2 H bbb 5, HEROTHLEIC X VAL AMHZEEZ, 1 2O< X
AR (SHEER) 2R, oG % ZRNICT R T 2 2 ERICESDE LTS 7
O, KR EETE~T) K33 THEGROR-EEov s e reSld sz ticky, [
Ul ic 51 2 RGN OMAHZEZIECE 2, /2, PSI TR TS & AH#E £ <. Fl
V7 e L DEREFHE T I ZITS CEATE 3720, TN6 DY IIEREKICTEET 3
T LHH[AETH B,

Figure 2.6 Tl, & v ¥t il BT 2 FHE TOR T v b L v Py 2 SIRBIHIECSR & L, nldl
H =012 N CBHLZAZ7 v Ly R, LT 5, E&si, A7V bLyyick
FToEEILRY, A 70D T FARKKTEEEERT, R, BT L2AT v LV Y
PRffer & MR M dIc TR E 2, HREENdIZ, <— 2T 4 Vb, & KHIBERCH 5@ S sh
SOERMTHY, d(s,ty)nENnd, nAIHDOZR T v F Ly VIR, X, & & s MEREdD
WHIE 720, ZDRE{%% Eq 2.1 12789 (Lombardini et al., 2014),

b
&1=;?S+CK&QJ Eq2.1

42



Y

Ground Range

Figure 2.6: System geometry in the plane orthogonal to the orbit direction. Each satellite shows the
positions of the acquisition antennas over repeated passes.

¥ 7o, BUAEHR D 5 THUE 2T, fiHEZ RN T 27200 THT ORETTEICDOWT
Figure 2.7 1IR3, KMt 23~ — 2 7 4 v B (Figure 2.6 Db, 1Z5%24) | il 23 @LHIRER] (Figure
2.6 D6, OBIAIAK) Zmd, ZZTOHME, BIAIL 22 Y2~ A XHEGRE L, 2 Ui o
BLER 2 T R T A X BRI EGDE L. TN TOXRT 2 TFPUE L2353, 2L T,
INSDTHHEROR —BED 1 v 27 ik T R OfHAE T2 233,
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Figure 2.7: Relationship of the interferometric pairs between the observation time and baseline

distance in Figure 2.6. The yellow and black point indicates master and slaves. The blue line shows
the connection of the pair.

Eq2.1 IC/RENBR, 1T, B 75 & D% 7 EELIC X 0 B & 7z & & sT7 1A o R & iR A (7 d
BT (TvHv TN EZLNDZD, R VT DZFY 7 F gl @Xs e HRNE
frd THERL I L, EqQ22 D XS ICRENE, AT R—R T4 VETNVICEIT S, Eq2.2 LAEDOR
DA IZ. Fornaro & (2003, 2009) DL »S# 12§ 5,

Smax

4
In = f y(s) exp (jZHs‘nS +J 7n d(s, tn)) ds Eq2.2

Smin

T 2Ty Spin®B & Wy 13185 E DIR/ME & IRKME, y(s) 1@ S 1B 3 2 %7 BEL AR At
SAR & v ¥ DR, §132b,/(ANIC L WV ER I N EMP Y v 7)) v 7REERE 7Y, Rt
VHDR—Z2F 4 VI WEFICRTI VLY UHBE VIREI NS, nRIHDO RS v LY
UM I d (s, ty) DR EN D 2o, BfiRIIMHECERINS, KT, Eq2.2 NDOZERIK
Srd(s, ty)ICiFEHT 2, nElHOEAMEIZEq23 i TREND,
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Vmax

exp(jand(s, t,)/A) = f a(s,v)exp(j2nn, v)dv Eq 2.3

Vmin

T 2T\ Uin B & Doy (3 ZA0EEv D /M & i ARME, a(s, v) 135 & sIC B3 5 22 f0H S A~
7 PV AREL np 326, /AT XV IER I N R 2 v 7Y v Z T L 72 5. Eq2.3 DAl
% BEq2.2 DEMBRTITARAT 2 &, ZEL 7 FLIREI LEMOB KK XL, Eq24 D X 5
IIRE N5,

Smax Umax

gn = f f a, (s,v)exp(j2n(&,s + 1, v)) dvds Eq24

Smin Vmin

Z 2T, Eq2.2 O X 0% FEELD Ry (s) & Eq 2.3 DAL 2~ 27 b AN TFitREa(s, v) &
I EDEBBEFEL L ba,(s,v)id, HIsEBHEvOHER (EV A~27 7 4) Kbl
LIRITEELI A RE L 725, Eq2.4 X0, BIRICE T 2 v OREL 7 F g, &Ik
TNLRED & 7 F VICETTEERB ZEHA L, 2oz 3 _XCTiRflTackick kb LR
T&%, ZLC, BITBGELID R, (s, ) ZHEET 22 LIk, =4 7 0loREL 7S
b, MRS BT 25 S R RALEED K E 5 2 & 2RT,

232 BIABELAHIREOEH

TNFR=RTAVETNMCET B, BITBED R, (s, v) DHEE X, 4 V3= a v
27z, Beamforming, MUSIC & X O SVD & o 72 FERER I T\ % (Frey & Meier, 2010;
Lombardini et al., 2013; Ma et al., 2015), 2N 5 DTFEHEIL, BHEELO E & 2EZEICHEE T 5%
R S, B RS IRESNFREL WS, LirL, 4 v =Y aviifdshik
FEMRE IR P E L, BN AZEMORBERREELE 75720, 22 CERRIIlae—L vy R 2%
BUELT A FREUCE ) YT 2 J7ikIcEHT 5, Maio 5(2009) 13, &ITEELD R Ea, (s, v) & R %
flae—L v RIZCTRAL, BEDMETESL I LERL TS, NN-PSI Tid, ZOFEEZIG
ML, ®ITEELI G R Ea, (s, v) 2R a b — L v RIS TR LR 2 HEE T 2,

ZZT KR¥lae—L v RE SAR FHTicE Ty 7P vo T2 iERT 2ae—1L v
A DFEICD VTR %, SAR TWEIT T T 2 a e —L v Xk, THUBIC X 2 ZHEE I
BT LEHEEZRTSEMEE LTINS, Eq25 28T X9, 2oat—L v RIFZEMK
CEB DY 7 F AR L TEMEEZ RS 720, ZEiae—L vy X eFEIn3,
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|21 23|

Vspatial =
V217112 Xz |?

Eq 2.5

T T T, z;. 38> 7 (BEFRB) TH Y. 2513z, DEFE AL % /R (Touzi et al., 1999; Zhao
& Mallorqui, 2019), —77. NN-PSI OFHELERECREH 3 2K R85 2 & — L v R, EE OB
ficks T 5 v 7Pz L. B CAEORERIOAAHEIC BT 2 T tkEIciEH 3 5,Eq2.6 1%,
Eq2.5 0Z%Eflae —L v AR\ T TR L72RE R0, A 84, p by, 2z, L2,
DENEFNOIRIFE M EZ R LT3, BRFae—L v Rt Eq2.6 D¢, B X 725

DD, 2B L | o ICBIISET: (B & s L BRI v) 2> 5 L TR il (&5 4+ )
ZEIY BT RIEA,. A, OfEIZIEREL T L &Y, Eq2.7 DX ) IcEEIn s,

_ |Z Ay Ayexp(jps — jb2)

YSZJatial - | ZAlAZ Eq 2'6
N . 1
Vs, v) = [2n=rSPUén I\JIZH(fnS + V) Bq2.7

22T, NIZBHIEEL y(s,v)idmE & B EEICBES 2R e —L v 2 %/R"d, NN-PSI
X, TOWRIlae —L v RAEYALTFR=ZX T4 vETALOHRITEELDFHREBICRAT 5,

233 EVARZ NS LEBRWESIORTE

EV 27} J L3RS — L v XEFRIH L, BRI L 20HZICE NS, &3 X 504
FERRIET D, Figure2.8 IC" 3 & B0, EV AT b+ J A, & X O % ftll, Z00EE OfE%
BERICEE L. &z d offlafbe Oz L BIINIC X 2 (77D k¥ 2Rk a e
—L v 2%ET, £7-. Figure 2.8 DX Tlx NN-PSI I B 25 X DRESHFiEERLTED,
it D 15 X DEIFH D35 10 D> O Smay £ T 1 D ZEALHE D HIPH 23001, 2> Dvpax 278 L EV 227
PO LADREXSICEBFAEMNEEH ORI e —L v 22 B L -0 E/IMEL 7t 25 &
Fsol L. BEIC X BMAHERIET 2,
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Velocity Accumulated temporal coherence
(v,) along velocity direction

Figure 2.8: Example of the selection of height and velocity in the EV spectrum for NN-PSI. Each
cell shows the temporal coherence. The right side of the figure shows the accumulated temporal
coherence values along the height direction, and the height s, having the minimum value is
decided to use the height in the displacement estimation.

%72, NN-PSI O E & s, RET 555 7%% Eq2.8 IR d, 2ORKRTIZ, EVARZ F T 4D
B ESICEB T g2 Dy T TOMRRY I 6 —L v Zy(s, ) 2L, y,(s) %KD, & DfEns
ROEL 2 m S BT T 2508 32,

Vmax

Val) = ) ¥(s,v) Eq2.8
Vmin

So = argmin [y,(s)] Eq 2.9

Smin<S<Smax

234 Z{IHEETTE

EVARI P LTI LI, @IsgPREIND, &S 0MEET 5 & ZMHE ST W
DEFRY|a e —L v A% RDZ I ENTE, Eq24 13 Eq210 D X5 BB I NG, b, 1232
BITHELI AR OR ] TR L7 X 5 iC, Eq2.4 ORITEELD R a, (s, v) FRRS 2 ¢ — L

VA Y(Se,VMICEZEZT W5,
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Vmax

exp(j4nd(sy, t,)/A) = f ¥(So, v)exp(j21m(&,So + N, v))dv Eq 2.10

Vmin

Eq2.10 DADERIL. y(se,v)IZ EV 227 + 7 L TREZHERY a6 —L v ZDfHE, &,5,13
R=Z2F7 A VL AT v L v VHBEOME v BHIEREOMEE 2 0 T RTHRIL 2 5720
T DEAGEEE T X B A MHEE &Y 7 F Nexp(jand(sy, t,) /D) %Ko 5 2 L SA[REL 72 5, Eq
210 ICX W RD 72> 7 FNIZERETH 5720, Eq2.11 i X W iifHEEKD 5,

Pn = 4md (s, t,) /2 Eq2.11

T T, @ 3EMLEEIC X 2R RS, £/, COfHEeId-nh bnDEICcT v 7EhT
Wb,

Eq2.11 2R3 X 51C, NN-PSILICEWT 22 7 v X a4 7 41C & ) fdfeth o564k 4 2 A4l
LI 5 RENMEHIE T 2 55613, SHEERE O IC B W TS T T 5, Lo L,
ConvPSI & B/ b, 2 2 CHEE SNl IR, T RTOEMEEDMIHZEIC X 3> 7 F A% I
Fhlae—L v RICXVERMIT L, EREDETRDTWE =0, BHEIRIC BT ldEkn
AL e b, Lehio T, BT 2B RIOMMHEDED D 2k L ko GH. 22T v
X AT AT K BARHEGEEHIBI L, Eq2.12 & Eq2.13 28T X 5 ICHENAREM E RS XD
ICHIIET %, fiAH7E@, 13, NN-PSTIC X 0 8 L 2 #iERTOEALEE IC X 262 (-x 25 n) T
HY, Eq2.12 2589 X 9, K CREEE S 2 A Z 2 LGl W7o flid 20 A Lo BE, A
WRFELZREkE LThY v T 5, 2 LT, KERIIDNAAZE DHIIEZ F 5 72 D I A EfEE S
FAEL 0Bk e 27 2T GbE 725 %Z . NN-PSI OHEE 2> 5 K0 72l ZEe, IR LA DE,
BLHAARIC 35 CEfE 2 HZE D, 2 KD 5,

<P
k, = Z Round o 1] Eq 2.12
D, = ¢, + 21k, Eq 2.13
NN-PSI D FHRGER D iR i, A tE 2 ik L 72 6 AHE S, iIcBLll 2 v ¥ DR 2 T, Eq

214 1 X W& Rd, B KD B,
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d, = Eq2.14

2T, AFBHNCH W SAR v v R 3, 2ot X Y, NN-PSI oZMHEEIC BT
LG RINDENED R T B,

235 HEICHITHEAEELH

NN-PSI ic X 238 TiZ, Eq 2.10 2R3 X 91T, EV RXZ b T LA D507 5 Spay D> B 5o % 3K
D, Vpin?* O Vnax @ FIH L CRERTI DN B Z KD 5720, b DEHDEE D 2 BB
%, Figure 29 12 EV A7 + 7 LOMEQM%Z R T, RIART L 5IC, EV A7} 7 LTlkKR
flat —L v ADNHDAZ— v MEVIRENDG, ChEES EEMEEDT v eFXFalT 41
X3bDTH5,
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Figure 2.9: Range of the height and velocity ambiguity. The red rectangle shows the appropriate
calculation range, corresponding to the EV spectrum used for NN-PSI. The grey colors indicate the
value of the temporal coherence.

BETVEFaA T AANEEBAHET v eF a4 7 4A,1%, Eq2.15 & Eq2.16 DFHHERic Tk

F % (Lombardini, 2005).,
Eq2.15

Ay = Ar/24,

Ay=A/24, Eq2.16

T, MM v OWE, riZ X Ty Ly UM (v & IR COREEE) . A, 1B
WMIcB T 2= 7 4 VDV, A ZBEROFIgL %5, ThbDTvEFXFa T4
L VIRVHEIFT EV 27+ 7 LEFHELZHEAEI, FRYlae—L v 200 MB Y RE N2
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728, NN-PSIICH51J % EV 2227 b 7 LDE S EAMREOHFHIZ, A,LA, TI W, b, FiE
B EE LANLEE X0 m & 0 mm/year & L, & DRAMER-A /2. TRKMEZA /2. ZH0HE
EDR/IMA%-A, /2. TKfEA, /28 3%, Table 2.1 i EV 227 } 7 LADFEHFHICOWTE &
» 5,

Table 2.1: Ranges of the height and velocity for EV spectrum.

Parameters Value
Height range (Smin, Smax) -Ag/2t0 A2
Velocity range (Vmin, Vmax) -A,/2t0 A,/2

236 AUB7RA—

NN-PSI ic B 3 BT DM AR £ 2. % OB 7 0 — % Figure 2.10 12353, KT,
ConvPSI DL 7 1 — $ B30 L, NN-PSI WL F)E & D FHE % BAMEICT 5,
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Generate interferometric
phase data

Remove atmospheric phase

v

Generate EV spectrum

NN-PSI

ConvPSI

A 4

A 4

Height Selection

* Use minimum of the
accumulated temporal
coherence in the velocity
direction at each height in EV
spectrum.

A 4

Height Selection

+ Use maximum coherence in
EV spectrum.

y

Displacement Estimation
* Use temporal coherence
profile in velocity direction for
the harmonic phase to
reconstruct the velocity phase.
* Correct the offset from 2t
ambiguity.

Displacement Estimation

+ Obtain displacement phase
component by subtracting
height phase component from
observed phase.

Figure 2.10: Flowchart of NN-PSI and ConvPSI.

237 BHE®D PSIIC

Z 2% T NN-PSI OEtHEFEICOWTHRR A, EhtDEICEHE T ConvPSI OFERZRT 72
W, ZDFHBETFEICOWTHEINT 2, Figure2.10 DU 7 o —C/REINT W3 Y, ConvPSI @
ZRHEE DR 7 1 — i3, NN-PSI ISR U CH 525, EV A7} 7 LA TOE S DRESHFE
ERHEE D F D7 5, ConvPSI DFE & DIREFEIF, Eq2.17 293 T L 9 ICHE sl EV R

B DEMIHEE DETEFE

N7 b7 LHNDTANTORRIa e — L V ZDRAREZFFORIICTREI NS,
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So = argmax[y (s, v)] Eq 2.17
S, v

2T, yliERY|a e —L v 2 %R”$, Figure 2.8 ® EV 27 b 7 L DR S35 b B2
T —L VAREL BoTWED, TOKRIae —L v RPRTE & 5,25, ConvPSI DA
EICEHING,

EV 2= P LICTCEIZREL, BHIL 2 7 FAdrbEmEofifiEc L2y 7 Fvi ik
Ll ceicky, ZEEIC X 2HEEZED Y 7T ik 5 (Eq2.18),

exp(jAnd (o, tn)) = exp(jdn — j21(§,S0)) Eq2.18

T T Ty ¢ \TBLMEER 2 TPREE U -CoR D 72 it &80l EV A7 F LI X VIREL 725
XX BNHETH B, Eq2.18 Ic X Y B IR EE 2 &L 7 F ik, Eq2.1112X Y
ik, & 720, Eq2.19 ic X W & 8d, »KZ 3,

2
d, = "Zln Eq 2.19

2T, MIBHNICH W SAR v v DOEEZTR T, b, THLUED ConvPSIiC i) 5 27 H#E
FEDMERIZ, Eq2.18 & Eq2.19ic X hko7-b % HiHT 2,

53



24 LD

% 2 T ClE, ConvPSIIC I T 2 A HEE DRE R 2 PIfEIC L 7z, ConvPSI %, fifH7E X b 2247
HWET 2720, HEEHIZ 2a 7Y EFa A T4 Ic XV HIREINS, COREIR, Ay s ers
T2 FHECLVERINZS  HHEHO LI ICL A A — "t a2 ) 7 CIREABTE 20,
22T VX2 AT 4T XY AR R T B A 2 HEE £ T IS TR T 5 5 D 7
KINTWED, LT A =2 030 B -0 HMCGERTE RV, 2hbnl & Xb, #
RO 227 v e ¥ ad 7 410 X 2ZEMHEE DRI, By 7 2 CUBEER L. HEEET
NEGH LR CHEEFEPLEL 25 L RR LTz,

ConvPSI et Rik & LT NN-PSI 425 L7z, R L7&RIE, EV A_27 } Z 4% L 725
X OWESE L BRHEE S ED S TH B, ConvPSI DX DIRESIETIE, JEHRIEII RZE T
BERRE SR N2 — v R DV IEL S EEIBRE L R0, K@ S OERLEE ST O R
lae—L v RETXCEMBL., ZoR/MEZHHT 2 Fike R Lk, B0HENER. v
FR=ZATA VDAY P AFNTEZIER L, BV A_27 b 7 L2 E T 2 EMLREHICE T 5
Kigblae —LvRicC, ZAREOMEELZEA T LR bERGbE S I &Ik, 2L
WET 2 HERRE LTz, TOMEFEIBNRMETEZONS, T XTOLMHEE DAL
I LCHEE LT 3720, AEfEDSFAE L2 GA D EMORE X ICX WHEST 3 2 & 25l fE
7%, TNoDWRRICE Y, ConvPSI DENHEEICHET S 22T VY EF 24 7 4 DRE~ D
P E R L2, 2 LT, NN-PSI %@fT 22X, BIROZ{AKEL LA F—~E R
ZTYTICENTC 20TV EX 24 T 41X 2Rk FRAET 2 REMZHEE & 2 REl%
~L 7z

NN-PSI i3, EV A7 } 7 LDE & L AEE DR R a e —L v 22T CHAL T, #EE
SHEEITD 720, ZORERPAICKE (B EZIF 5, NN-PSI 0 RHEIF X, BG4 5k
LM EBMEET v EF 24 T4 DEICKVIRET L L L, 7. NN-PSI oZ{7H
EF TORERNARNE 7 a1 — oW THHEME L, ConvPSI OFHETEE OHED R L 72,
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31 FL®ic

2 FEICTREL%Z NN-PSTiIc oW, =2D@lmroiflis s, —>HIZ, NN-PSI 254EE
TE 220024 7OFHi., —->HIx NN-PSI 0ZAHEE IC BT 2 NER-Y 7 X — 2 D, =2 H
FBIHISME255 2 5 NN-PSI ~OFE O Fli<H 5,

NN-PSI OZNH#HEE X, HETTAEBHAL 220, FRBNRENEZED, FLhx 4T
DEMICHEHRREE ZE X bND, £Z T, BlEv Izl —va vl TEEDENMZ/FR L. NN-
PSI DHEEREE # R L. BEHATREARZENL 2 4 FIc oW CFHliT 5, £7-. ConvPSI OHfEE D %
i L. NN-PSIC X 28G5 s 2 4048 L IR 2 20 o HEE I 31 2 A% € ERICEHE 3 2,

NN-PSI (2, EV 22 b 5 LA OEMGEE S M OFHZ ETEL Y b RE S RET 5720, 8
HaxXbPAREw, £ T, NN-PSI OFIHRHPHCAT v 7RIS 7 XA -2 2KHL, &
MBI G2 B8R T 2, By I 2L —v a v AL, EV 222 } 5 4O #HIFHCHE
JERZH L, HEREZIEL., 5 2 X+ O3 AT RE» 2 R 3 5,

2 SAR OBIMIGCE % > 2 NN-PSI D HEERGEE (&, BUHIHIR., W%k, & X ORI X » &1L
T %, Fric NN-PSI i3, BUHGISROEREE 2 2 X MLEIEHHEL TH 0, FHEOBUHIZMED
ENHEEICEBEREY 522 LE20N5720, ZTOFEICOVWTIHET %, £/, ConvPSIiC
BT, HBOTHERTICEF -2 74 VIEHOMAEDEIC X b ZOHEE DR ICE
G2 5MEEHR DY, =274 VOB ICOWTHFHI L, NN-PSI Z#EH3 %79

ICRE R BRSE2RT,
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32 #EYT 2L —> 3>

3.2.1 FH A

NN-PSI O ZE i 1 B3 % 3> 7 @ — % Figure 3.1 IZ/8, (ZU»IC, v I 21—
a2 ViICEWT, kv —OEELBUIMEZ &0 SAR 2 O BLAISIF % 530E L 72, 2003 EER!
B K OER L., BUASF DT A =2 A L, ALz Az~ L 72, Z OfifH7EE, NN-
PSI OZHEED ATMEL U7es TERL 722807 & NN-PSI 12 & U #E7E L 72247 % /& mAVIC el 3
57-%, ZHFEETR T 7 — (RMSE: Root Mean Square Error) ZHH L 72, RMSE (%, 3~

TOBIHBRENIC B T 2 ZAHEE 2 L 7=,

Displacement conditions

Observation conditions

}

Convert

to phase

A4

Apply NN-PSI

A4

Estimate Displacement

A\ 4

Compare with RMSE

Figure 3.1: Process flow for the evaluation of NN-PSI with the simulation.

3.2.2 BRI DRTE

ARG < DBLHISE T % Table 3.1 1283, 205 OBLHISZ, BMEFHR CER S 2002 5
fitHZEZ KD ZERICEH I NS, 72, THDo DT X —XDOEfHEIE, EFRD SAR T2 O I

TN DEFELTND,
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Table 3.1: Observation conditions for the simulation.

Parameters Values
Slant range distance 700 km
Wavelength 1A
Incidence angle 45 degrees
Baseline variance + 6%
Backscatter coefficient 5dB
Number of observations 51
Observation interval 10 days
Total observation period (T) 500 days
Height of scattering point Om

Biivizr—vavRNTREL TS, T¥XT7oENE% Figure 3.2 1T 3, BLHAIHAR
DOHLLCEIEI & 7z SAR i E ~ R ZICERE L7z, Y OBHIERIZ, §_T~22E2SHL,
TR X ORI ZEET 52, COBEY I 2L — 3 v TiE, TEILERIC X 3007 25
RIS X VRS 5. BUEEIEIC X B AAHZE D IEROT B I OEIC CREll 2 b~ 2,

A
8 [ |
% |
o - =
()]
© L1
= :
o [ ] - n
3 i | |
0 . w ol |
: Z . :
v v v
First Middle Last
Time

Figure 3.2: Relation between time and baseline distance for the interferometric pairs in the
simulation. The yellow point, black points are the master image and slave images respectively. The
blue lines show the connections of pairs. The master is decided at the middle of the observation

period.



ETHRTOR=2 74 VIFEEZ. GLEEERHLIESOEXETN S X 5 ITEE L 72, Table 3.1
DR—ZAF 4 VIFEEOHEH TRINT W EAN—k vy T —VF, THUHICB T 3R —2 54
ViREEE TUHRT OR—2 74 Vit 0BG TH B, BER—2 7 1 VB, 1. Eq3.1iC X
DkE D,

_ AR tan 6
cr — ZRT

Eq 3.1

AMIt vV oR, RIAZ v L v Ui, 01 AR, RIZLV VY ARIDO 1 7L HizhD
T 72 fRR S & 7 B (Zebker & Villasenor, 1992),

3.2.3 ZARIDSH

Bz 2 2L — 2 vickwT, NN-PSLICTHERE S 2 ZfLo 2 4 713, (DBIBRIRZNL, (2)
ATy TR, Q)IEREIE 20, (DA R0 4 B2 ER L, ZNZTHLDOERL
7= 2 D& % Figure 3.3 1IR3,

(1) #IEHIRZE001E, ConvPSI CHEE T & 24N ZHJE L 7z, Figure 3.3a 233 L H1c, G x
o N7 BLIARIHIE —ER R ZMETILT S LFEES 2, BiEv 21— a2 v Tld
DN ED % G 22N ZFK S 5,

(2) A7 v 720, HED X 5 e KRBIBCRIEIC AT 2 B 2 E L 72, 52 781l
R Ic —EZ T T S LS BB 5, 2ORMIZ, AT v 7BIBIC X W B2 E&RL 72,
Figure 3.3b 25/R 3" X 512, & DANLIFREABARIT O huic CTEED = 5 2. BAL %
L7z,

(3) TEBBIEHI L ZALIE, WY @ X 5 ICHIBDEFLEAKE < BRI ORE & & b Iy
BONS K I BB E L, FREEIEIC X O B2 €& L 72, Figure3.3c 287" 3 & 5 IC,
TR BAECR R L 100 HISICZEMED & 725 X 5 ICEMZ&IE L 72,

(4) JWRZE00d, G52 o iz PIc BN 2 — v 3 IR S N2 E L, 4 v
BT X W EM#EFK LTz, Figure 3.3d 28" 3 L i, FANAZE oY —27 v —27f0% %
@D & F%E L, JEAFt % 5 2 20 2 3%0E L 72,
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Figure 3.3: Simulated displacements for the evaluation. (a-d) shows linear, step, exponential, and
sinusoidal displacement respectively.
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33 BER2ZENRA T~DEA

NN-PSI 25# A RE R BN & 4 7 %0 T % 72, ConvPSI OHERE 7k CRIRE L 7o 2 IERRIEN
722t L€, NN-PSI i LR 2 BT 2 083 H 5, ZofHlizITIcHh. F
RCOFEMICH T 2 BMEHROATIZH L WD, Bl 2L —va VI X VEEOEN Z/E
J& L. NN-PSIIC CTEAHEE S %2, NN-PSI OHfEERRIL, Bl I 21— a VICTER L 2%
e iEd 22 & CHEAIEET 2208 TE S, BAARSKAETHIEY I 21—y a v E{TWL,
M T OMEEREE Z R L. NN-PSI 258l Al RE R BRI D 2 4 7% §Hili§ 5,

331 HE I 2L —2 3 VDT

4 ODERNEA T7OEMNBDEEBL BYHY 2 2L — 3 i X WEK L 722 f7ic NN-PSI %
WS %2, RMSE 2B L. BAix A4 FIc X2 HERE LIRS 2, BUISRFTEZLZTHwE~—
2T A VIEEZEBIC TER S T B 72», NN-PSI OH#EE % £ZEfEDT 50 [IEEEL,
RMSE D FH#)fii & BEHE R 210 TR 3 %, %72, ConvPSI bi#fH L, NN-PSI & [ffic RMSE #
L 72,

AN R A TIWHBOET 52N BD DHFIFHIL, 22072 4 7 X Y B 5, KeRVITHMATEIC B W
T, 1 BRI com AR &Ix 1/4 HE(L) & 72 b (Wasowski & Bovenga, 2014), ZILZ 1L D%
x4 FicsnT, 1 BRI OZ M E23 1/4 R (V)AL R 2B BDDOEZ KD 2, 2 b
DIEICEDE Bl I 2L —v a v THEZZEMEDDHIFHZIRE L 72, HHAT v FiconT
X, ZAEDOHPICEDLE CIRE L7z, i IaLb—vavickits, 1 SR oZN &,
A EDDOHE S X OEE R T v 7% Table 3.2 10R 3, 72 BN 22867 D AMIFtIZR4E L L 7=,

Table 3.2: Displacement conditions for the different displacement type.

Displacement type | The maximum amount of D Range of D Calculation step of D
based on 1/4 X in one

observation interval.

Linear 91 IDI:0to 101 051
Step 0.25 1 IDI: 0t0 0.3 1 0.051
Exponential 1.4 IDI:0to2 1 0.1
Sinusoidal 1.5 IDI:0to2 A1 0.1
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332 R

(BRI ZE 0 ). TR Ty 7207 ), [HEEEARM 2] B X O TR AZ0r] wsid 5,
B IalL—vavoiifRzhz,

i IR EL

MR AN ic s ) 5, B 8D & RMSE ©Bf%% Figure 3.4 I3, fENREM TR, &
fIEDA IAUTOEAIX. RMSEZ0A &b, Hfliv Iav—va v CERL 2202 B L
Too BAIEHIRZERLIC DWW TIE, # VIR LEHR 2177 o 72235, NN-PSI & ConvPSI & %12, RMSE
CIEODER A o7, T, BB AZITIIR—R 7 4 VBB L %P2k L <
b, HEREICHER N & %ZRT, ConvPSI 12, A &ED2MENMT % & RMSE & Z Ui v
BN 72, ZRTEDS 9L 22 5 L. NN-PSI @ RMSE 28 ConvPSI X ) K& 2oz, 2D
& X b, NN-PSI it 1 BHAARIC 313 2 RN R OHEFN Tt BN ARZEN % HEETRETH
Y. ConvPSI DHEEAER L VKGR A M L L 72,

10 L L L T 1 T 1

RMSE(A)
(0]

Figure 3.4: Correlation between D and RMSE by the simulation with the linear displacement. The
red and blue point show NN-PSI and ConvPSI. The bar in the point shows the standard deviation.
The gray area indicates to exceed the velocity ambiguity.
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Figure 3.4 ICH5 T, NN-PSI OH#ERE D ConvPSI X » EW0iER & EWIEROFEMZ, 21
% Figure 3.5 & Figure 3.6 IZ7/n$, Figure 3.5 13, B ED% 05 A ICEE L =GR 2RI,
Figure 3.5a ® EV A<_7 } 7 L3, FHDO AL v uo =705 0, ZOMEIIE S & EHE D%
NZN0m &-0.51 A/year & 72 o7z, Figure3.5b i, EV A7 } 7 LN D& E & DENLHEETT
MORRI e —L Y AEZRE L7270 7 7 AVERT, 207077 4 L Of/MEIZ0m &7
D,EVAXZ FJ7LICKYREL2m S, BUISFCRE L72m & 2R L 72, Figure 3.5¢ 13,
REL-@mE DR ae—L vy 2077 7 A VERL, Z DV — 27 AR T ZERHE X207
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AR IC 5 CRUBII 2 220 % 7R L. ConvPSI1d 360 HdH 72 O CEMAKRE S L, Atk
RonsZfieltol,

Figure 3.6 1%, Zfi8ED% 10 A ICEIE L 7=k /", Figure 3.6a ® EV XA~<=2 } 7 L%, H
WOAL vy —THHY, ZOMEBILES EEMEERZNEN O0m & 8.2 L/year Loz,
Figure 3.6b (X, EV XA =2 } 7 LANDO K& X DEMLERE T mOK RS2 —L v 22 RBEL 77
077 ANERS, OB 77 ANDR/MEIZOm LY, EV AR F T AICKYVIREL
m Ik, B HCEREL2m I &R L7z, Figure3.6¢c i3, IRELZZEIORRY|ae—1L v R
DT T7FANERL, ZDY — ZMHEIPR T RALRE L, B ED L R 2H2 R L7z, £72. fF
KL 72200 A0 TTMTH 508, ©— AR T ENLERE T IED W TH > 7z, Figure 3.6d (%,
NN-PSI 23%tfiis 2L —2a v E RES R IFHERERL TS, £7, ConvPSI 1k 2727 ¥
V¥ 4T 4 OB K Y NN-PST OHEERR & T 2 L IIEFHARZEN & 7o 7z,

66



Height (m)

Accumulated coherence

150 1.0
100 08}
50 I
So.6 f

0 5 |

. Soal

-100 0.2

-150 ! - 0 - 0.0

Velocity (Alyear)
(a)

100 l 1T T 1 T 1T 1 1T T 1 1T 1T 1 T 1T 1 1T 1T 1 l_
80 - —
20 —

O T | I I | I I | | I I | : I I | | | I I | | I I | T
-15 -100 -50 0 50 100 150
Height (m)

(b)

67



Coherence

Displacement (A)

Figure 3.5: Linear displacement results with D of 0.5 A in the simulation. (a-d) The NN-PSI
outputs: the EV spectrum defined by the range, the accumulated coherence profile along the height
direction, the coherence profile in the velocity direction at the selected height, and the reconstructed
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displacement by NN-PSI in red and the generated displacement in black.
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Figure 3.6: Linear displacement results with D of 10 A in the simulation. (a-d) The NN-PSI
outputs: the EV spectrum defined by the range, the accumulated coherence profile along the height
direction, the coherence profile in the velocity direction at the selected height, and the reconstructed
displacement by NN-PSI in red and the generated displacement in black.
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i X7y 7EN

AT v TEMICE T S, 208D RMSE OB{g % Figure 3.7 IC/"$, A7 v 7ML ClE, &
DS 0.25 4 LI 35413, NN-PSI & ConvPSI @ RMSE 131313 0A & 72 -7z, ConvPSI @
RMSE @52 &2, NN-PSI XV DL KREL o, ZBAEDH 0251 ZiHEZ % &, NN-PSI
® RMSE (%, ConvPSI X U K& < & W HEERGEAME T L7z, Z OFERIZMIB 220 L FERTH
h . NN-PSI i3 1 BLHIHEIC 3T 2 RAEMEOHFANTHE T 24 ERH 5 & ZR LT,

0.2 — —

RMSE(A)
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I | | I
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Figure 3.7: Correlation between D and RMSE by the simulation with the step displacement. The
red and blue point show NN-PSI and ConvPSI. The bar in the point shows the standard deviation.
The gray area indicates to exceed the velocity ambiguity.
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HEEZNLIIPEEEMEI & 72 %, ConvPSLIE, 20 7 Y EX a4 74 OFBIC XY, BEERIELE &
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Figure 3.8: Step displacement results with D of 0.25 A in the simulation. (a-d) The NN-PSI
outputs: the EV spectrum defined by the range, the accumulated coherence profile along the height
direction, the coherence profile in the velocity direction at the selected height, and the reconstructed
displacement by NN-PSI in red and the generated displacement in black.
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Figure 3.9: Step displacement results with Dof 0.3 1 in the simulation. (a-d) The NN-PSI outputs:
the EV spectrum defined by the range, the accumulated coherence profile along the height direction,
the coherence profile in the velocity direction at the selected height, and the reconstructed
displacement by NN-PSI in red and the generated displacement in black.
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Figure 3.10: Correlation between Dand RMSE by the simulation with the exponential displacement.
The red and blue point show NN-PSI and ConvPSI. The bar in the point shows the standard
deviation. The gray area indicates to exceed the velocity ambiguity.
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Figure 3.11: Exponential displacement results with Dof 0.5 1 in the simulation. (a-d) The NN-PSI
outputs: the EV spectrum defined by the range, the accumulated coherence profile along the height
direction, the coherence profile in the velocity direction at the selected height, and the reconstructed
displacement by NN-PSI in red and the generated displacement in black.
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Figure 3.12: Exponential displacement results with Dof 1.5 in the simulation. (a-d) The NN-PSI
outputs: the EV spectrum defined by the range, the accumulated coherence profile along the height
direction, the coherence profile in the velocity direction at the selected height, and the reconstructed
displacement by NN-PSI in red and the generated displacement in black.
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Figure 3.13: Correlation between D and RMSE by the simulation with the sinusoidal displacement.
The red and blue point show NN-PSI and ConvPSI. The bar in the point shows the standard
deviation. The gray area indicates to exceed the velocity ambiguity.
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Figure 3.14: Sinusoidal displacement results with D of 11 in the simulation. (a-d) The NN-PSI
outputs: the EV spectrum defined by the range, the accumulated coherence profile along the height
direction, the coherence profile in the velocity direction at the selected height, and the reconstructed
displacement by NN-PSI in red and the generated displacement in black.
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Figure 3.15: Sinusoidal displacement results with Dof 1.5 A in the simulation. (a-d) The NN-PSI
outputs: the EV spectrum defined by the range, the accumulated coherence profile along the height
direction, the coherence profile in the velocity direction at the selected height, and the reconstructed
displacement by NN-PSI in red and the generated displacement in black.
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Figure 3.16: All of the estimatimated displacements in the simulation for the sinusoidal
displacement. (a,b) shows the resulting displacement with D of 0.8 A by NN-PSI and ConvPSI
respectively. (c,d) shows the resulting displacement with Dof 1.3 4 by NN-PSI and ConvPSI.
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34 BV AT bT LOEBEEHIC L 2 FE DM

HIETIC 35> C, NN-PSI OB AJREARZANL & 4 7 & ZEfr A3 A & 72 o 7z, NN-PSI O &M ELEFE
TIES % EV 227 F 7 41, @I L BALEET YU ¥ 24 7 4 DRKANELZZE LIHE 21T
5> T35 7®, ConvPSI LIRS 2 LHEEREE XS E 205 H aX P03 KRE {75, Table3.1 D
FFC T, ZNENDTIRICHE T EV 227 + 7 L OFEED O AHEE £ © OB % Table
33T, ZoFEE., NN-PSI |& ConvPSI O#) 15 5 DR300 5 Z & 3055, T DAL
HIZH—DFR A v McE T 2 W HETH O . mAICEHT 2 SAR BifRicks»Cid, R Y 7
Z BN FHHEME 258 3 % Sentinel-1 ICTAAN—F 2 561F, 108U EE 22, Rz ) T %
NN-PSI i TR 9 2 554 13, BtRBEO A —F Y 27 DRy 7 %@ L, WAL & CEdE
LzfTo7zHETh. HLFRMA ORI/ & 75, %2 2T, ARHiICEHWTIL EV 2A~<72
b7 LIt BRI & FRRIE R RE L, RIHEEDOREICS 2 2 > TR T %,

Table 3.3: Comparison of the processing time for NN-PSI and ConvPSI.

Method Time (Seconds)

NN-PSI 133

ConvPSI 9

Calculation procedure:

The displacement estimation with 59 scenes on single point.

Processing Machine:

OS: Windows 10 (64-bit)
CPU: Intel Core i9 2.4GHz (8 cores)
RAM: 64 GB

341 B3¢ L ZRE OFHEEH

NN-PSIicH1F 2, EV A2 + 7 L0 HHiFHIL, @S EEBMEET v eXal T OficE
#IND, COFAELEHEL, BiEY I 2L —va VICTENHEOBERITET 5, BN
I¥ Table 3.1 IC/REN B 8T A — X BAHH L 7e, B2 A4 73RN 20 e U A EDIX 11,
JBHFtIZ L Lize EV A2 F 7 AT 25 S LBMREOHFIZ, Z2nZNE77T m, +
4.6 A/year IKFXEL, INHL DI, TNENDT VY EX 2 A T4 DED 25D 1 TH 5, KiF
flilcs I 28y I 2L —v a v OFELRFEM%Z Table 3.4 1IC73F, NN-PSTIC X Y Z{7HEE L 7=
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& % % Figure 3.17 12/~ T,

Table 3.4: Simulation parameters in the evaluation for the range of the EV spectrum.

Parameters Values
Height and velocity range for EV spectrum +77 m, +4.6 Nyear
Displacement Type Sinusoidal
Peak to peak displacement (D) 1A
Displacement frequency (Ft) Half year

Figure 3.17a ® EV A7 } 7 L%, Figure 3.14a L [FERICA A4 v o — 73R CTE e o 72,
Figure 3.17b 2. ZiEEH MO R ae —L v 22 BB L7077 A% RT, 2070
7 7ANDER/MEPRI T F-10m 720, By IaL—ra Vv TREL TV EE & —E
L7e2o 7z, Figure3.17c I, IRE L 2 m I I BT 2 HRIae —L v 207w 7 7 A V%IRRT,
REL-DEID, ARDMEL B 5 729, Figure 3.14c DX 5 %Y 4 Fe—7133 ¢ A EHER
TE7d o7, Figure3.17d 23/~ 3°, NN-PSIic X 2 HEEZAAIE, Bfis I = v —v 3 Y TIERL
72L& —E L 722> o 72, NN-PSI OZNAHER D RMSE 120376 A &7 0, &I L ENVEET v
EX 24 7 4 ICTRHE LFIREH 0L A RMSE, 0.004 L & KT 2 & FESKIEICET
L7zo NN-PSI Tl 3% EV 2 <7 } 7 LA O HHPH 2D 7= 5A&. M ZIEL (kDb T,
ZNHEE ORGEAME T F 5, 2D Z & kb, NN-PSI CERHEES 280 EV A<= } 7 L oG
BHEIPR L, S L EMHET v X 24 T 4 OHICCHRET 2 RERH D 2 L 2R T,
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Figure 3.17: Results of NN-PSI with the range defined by the half of the ambiguity values. (a-d)
The NN-PSI outputs: the EV spectrum defined by the range, the accumulated coherence profile
along the height direction, the coherence profile in the velocity direction at the selected height, and
the reconstructed displacement by NN-PSI in red and the generated displacement in black.

342 5 EBNDORE O ERARE O M

EV 27 7 L OtEHIHICKE & . SHEMRE D NN-PSI OZFHEE IS 2 2 0 & %2 3l 5
5, ZNFTCREI EEMEEOMBEEZZNE N 1m & 0.03 A/year(X ¥ FT# 1 mm/year)
L7z, —J5. Table3.1 IR T BLHIGMF2» K E 28 & & ZBNLHE OMEEIX, 23m & 0.5
A /year 127z % (Lombardini, 2005), % Z T, glHa X+ 2HIHT 2 HW T, EVAXZ7 +J 4%
ERT 2 BROMMGIE Z KRB L, By 22—y avicbBnwT, ZORENPEMMETEICS 2

E/ pily

ZRERIEET 2, AFHECHERAT 28l 2 2L —v 2 YO EARFHEH%E Table 3.5 1IC7R37,
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Table 3.5: Simulation parameters in the evaluation for the resolution of EV spectrum.

Parameters Values

Height and velocity resolution for EV spectrum 1) 23 m, 0.5 Ayear

2) 11m, 0.25 A/year

Displacement type Sinusoidal
Peak to peak displacement (D) 1A
Displacement frequency (Ft) Half year

Figure 3.18 IC EV A7 } 7 L DOHRSE 23 m & 0.5 A /year, Figure 3.19 ICfERE 11 m &
0.5 A/year ICEXE L CENMHEE L 72455 % /R 3, Figure 3.18a & Figure 3.19a 23/" 3, EV 2~
7 b7 L0 1m & 003 A/year TRRELAEREE LY, Afvr—T7°% [ Fu—T7 %A
5 & BHEETH > 72, Figure 3.18b & Figure 3.19b 23/n 3, AN 7 [A)I1C RFE L 7= R 51 o
b—LvR2DT7u 77 AN REEKRS TS LIcX ), BRIlae—L vy 2D 50 EH
INEL D), BEDORENPH L RDZ ehnrd, ZOME, BUHECHERTIEIDIEL
CIRETE 2\, Figure 3.18c 7' v 7 7 A it HMREZ 1m & 0.03 A /year ICRHEL7ZH D

(Figure 3.14c) Lt HRZ2EH A Fu—TB3e Aol 2D &, EHHEE DR R

(Figure 3.18d) w2 % 5.2, BN AEZM 2 HETCE Rr o722 L3905, Figure3.19c I
BT, Y4 P =B Oo»RET S LicL Y, Figure 3.19d 287" F & 5 ICHfliv I =
L—va v ClER L7220 L eifEd 5 2 & ZfifERE L 7z, Figure 3.18c, Figure 3.19¢ 178 3 KR4
abe—LvARDTu 774k Figure3.18d & Figure3.19d IC/R SN2 BHEEFRER L D, EV
AR P TLATRELEGEIORR a2t —L vy 20707 7 A VBT 394 Fa— 7 OFE
D3, BAMEEICHERZE A5 L RIEEL 72,
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Figure 3.18: Results of NN-PSI with different velocity and height resolution, 0.5 A /year and 23 m
for EV spectrum. (a-d) The NN-PSI outputs: the EV spectrum defined by the range, the
accumulated coherence profile along the height direction, the coherence profile in the velocity
direction at the selected height, and the reconstructed displacement by NN-PSI in red and the
generated displacement in black.
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Figure 3.19: Results of NN-PSI with different velocity and height resolution, 0.25 A /year and 11
m for EV spectrum. (a-d) The NN-PSI outputs: the EV spectrum defined by the range, the
accumulated coherence profile along the height direction, the coherence profile in the velocity
direction at the selected height, and the reconstructed displacement by NN-PSI in red and the
generated displacement in black.
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Table 3.6 (X, & & ANERE OFRED, 23 m & 0.5 A/year, 11m & 0.25 A/year X X
Im & 0.03 A/year ICET X N728554 D NN-PSI OHEELI L Bl 2 2L — a v TER L 72
ZArD RMSE #7589, RMSE 13, 27141, 0.031 A, 0.035 15X 100.001 A ¢7o57, Im
& 0.03 A /year DFHEE D4 (Figure 3.14d). RMSE 28 bK< 2 b, HEERKE R &L X
o7 TDOZE XY, EVARY |+ T LDMMRIEDKL 725 &, NN-PSI OHEEREME T 5
L 28R L 7 NN-PST OB HEEIC TS 2 EV A7 + 7 L0 & BRLHE ORI,
HEMEZM EXE 27204 — "% 7L, 1m& 0.03 A/year ZfEHT 2L LT 5,

Table 3.6: RMSE with the different height and velocity resolutions.

Velocity resolution ( A /year) Height resolution (m) RMSE (1)
0.5 23 0.031
0.25 11 0.035
0.03 1 0.001
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35 BAIZMFICLZHEERE~DEE

IR R HI T AT 1. SAR BUAIGLER OB L IFRIC X v, ZBALHET v e ¥ af 714 Lfif
GEBZACT 5720, KEICIIERE SAR OBMISFICEH L. NN-PSI OFFili 217 5 . Bl
PRI EMLEET v EF a4 T4 ICHBEL, =274 VifoflabbEld, X T veX
2 AT AHET S0, ThoDEMFZZHE L, NN-PSI OHEERE~DE M3 5,

351 N—=X T A »iEET

IR AT RN ALBRIC 5 T, R — R 7 A ViR e BIHIR R S 3 OB & o 72356, &
CEMEE D ZNENDOMMEZ AN T 2 Z L AWNEEE 720 | ERHEE ICRIERSA L 2 &8,
Fattahi & Amelung (2013) DRffZEic X W fafiid T3, NN-PSIicBWTd, EV A2 b T A4
CTESEAREL, ZORIOMMEERMEAL CEMMEET 2720, Bl 121 —v 2 ICT
ZRL RIS BRI, ~— 2 T 4 v jhiE & BUAIRFE 03B DFHBE & 72 5 & 9 1C8E L NN-PST ~

DB ERT 5, 1F T 2001, Figure 3.3d IC/R T AN AL & L7z, T O OJEHAFt
ZRAE, v —2 e —2{HDIZ 11 & L7z, Table 3.7 ic, ATHOKAESY I 2L — a v OEREM
LB Table 3.1 b EBE L CHHFT 57 X — X2 %R T,

Table 3.7: Simulation parameters for the evaluation of the baseline distance.

Parameters Values
Displacement Type Sinusoidal
Peak to peak displacement (D) 1A
Displacement frequency (Ft) Half year
Baseline variance 1) £ 6% (Linear Distribution)
2) + 6% (Linear Distribution) + 1%
random distribution

50 X7 DX—2 7 4 ViR, BRSN—2 74 Ve OBEIE VA, R/ ME & RAEA-3% L

3%E 7 BfHE L, RRKDDEDR6%E 2B XIICHELTZe R—A T4 VDXL D& 23/N X
Y, METVvEXaA T4 DMEPNEL 72570, EV A7 7 LoOEE O HEHFIZ £
153m & L, #ffiv I 2L —v a3 vic XKL 728 2 25067 %2 NN-PSI i THEE L. RMSE
ZHEML 72,

Figure 3.20 (. NN-PSI o #EE#EH %~ 9, Figure 3.20a X, #EOMHEZFFO>~N—27 4 v
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FEE L BRI O 2 i 2R 3, 7. ZOMOBLNNFFIZERECTH 2720, Bl v 7 v 2
ZADEFEMMHL CTFERNL T3, Figure 3.20b ® EV 2<=7 + 7 4%, FpR¥lae—L v 2D
PADZENLGRETT AT XTI UL 2 Y & S il < 2 2 REE & 7 5 72 Figure 3.20c¢ (%,
RS OBEMEEAMICE T 2R a e —L Yy RZBMBLZ70 77 A0 ERL, 2TORE
KEWTKR a2 —L VY RORMLZEAF L & 7r o7z, FEVNIROFREZIC X VEIR Lick
W, HEEICHEMNT 253 37 m KRESI N, 2DHmIDRIlae—L v 2707740
% Figure 3.20d 127" 9, Figure 3.20e 23" 3 L 91T, o @mICTHEL TWbE 20, AKkoD
ZrE VN THEINTEY, RMSE 12042 L &7xotz,
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Figure 3.20: NN-PSI results with the linear distribution of the baseline distances. (a-e) the
distribution of the baseline distance, the EV spectrum, the accumulated coherence profile along the
height direction, the coherence profile in the velocity direction at the selected height, and the
reconstructed displacement by NN-PSI in red and the generated displacement in black.

Figure 3.21 13, Figure 3.20a D =— 2 5 4 v IAlfic /8l % 5 2. [A UZ 7% NN-PSLic X b
HEEL 28R TH 2, DEUHRERR—2 74 v D 1%ICHEL. % D43Aild Figure 3.21a IR
TLeBY Ehotz, b, TOMOBINHIIERE TS 2720, Bz v Ty 7 20% 5%
fEF L TR R L T3, Figure 3.21b ® EV A7 } 7 413, =27 4 VIRBEICOBUEZ 5 2
52012k, BEAHMCKRIa e —L Y ARSEL, A4 vae—T7%#RlTEL X5k
TW3Z EDBgh 5, Figure 3.21c 13, M AMICEIT KRRz e—L vy 20707 7 4 LT
HY. RMEDEI AL 720, ZDOEIIEES Om 2R L7z, & 0m OFERSa e —1L v
A 7'va 7 7 4 V% Figure 3.21d ic, NN-PSI I X 2 #EEZ L% Figure 3.21e ICR 3, HEE L2
frix, Bz I 2 —va VICK DERRL 22507 & 1321 —3 L. RMSE % 0.004 1 & 72 > 72,
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Figure 3.21: NN-PSI results with the linear distribution of the baselines with 1% of the variance
with the critical baseline distance. (a-e) the distribution of the baseline distance, the EV spectrum,
the accumulated coherence profile along the height direction, the coherence profile in the velocity
direction at the selected height, and the reconstructed displacement by NN-PSI in red and the
generated displacement in black.

INLDORREIY, R=2F 4 Vi B BIEHEE & 2 2 56, @S TRICE T 2
FHla e —L Y ZRDGED R R, KE S TROZEMHE S MORERY| 2 b — L v 20 RE
AT RCFELfEE 22, CDz®, BUfEEORICEET 2EIZRET L LNTE R,
—J7 BIBHBIICERE L7 — R 7 4 VIO S Ic iz 52 5 L. FE S ORI a e —
LY ZADRBEMEBTEL . ZAHEEICHE LRI ZRET L LHBTE S, NN-PSI iIcHW\»T,
BRI EIBCC TR AT HEE ICHE L T 2 & Th . _—2 7 4 v IEREED 7346 2 BLEIRE & ARTEAH
Bz Ga, HEREIIARE ETT 5, X o T, NN-PSLIC CEMMBITT 2 BICiE, R—2 7
A VD A R TR L, EV 22 F 7 AICX D @ X OREDATHED &5 2> % HIWT 3 2 A
»H 5,

3.5.2 #AIRIE & Kk

UM A% & RERE2S NN-PST I 5- 2 252803, 2N ¥ CeABBICIERI 0 28y 3 21—
v a VICTER L, RMSE 12 X W §Ffli 92, AFHMIC TS 22071k, b o & IRV 0%
POEET VX4 7 4 BB L 7 2 IR & U, ZNiofEfiFex 1 FEM e L, BLH
% 750 HRE. # 2 4ERNICEE L 7z, BUAIEECE 76 [B1> 5 61 ol 4 L, B2 10 H
2220 Hic7e 2 X5 ICBUIIH Z30E L7z ATHOEMESY 1 2L —2 a YOSFMAT, Table 3.1 225
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25 L CffiI 3 2 E75o%F A — X % Table 3.8 107”3, Z DM Cld. BIMEEOZEHIC X 0 BM
MR ZE I N, ZEET v eXaf 74 0EEHINS, 2% 0, BHlIBEZES I LT,
BHIMRO P BKEL R b7z, BRHET v EeXaA T4 00T 5, RN RZENOLEH)
HDZ OAHDH IALETOIATOLEHEL, ZNENDOHFESMICTRMSE ZH L 72,

Table 3.8: Modified parameters in the evaluation for the observation interval.

Parameters Values
Total observation period (T) 750 days
Number of observations 611076
Observation interval 10 or 20 days
Displacement Type Sinusoidal
Peak to peak displacement (D) Oto1A
Displacement frequency (Ft) 1 year

Figure 3.22 (3, BIIERG & 208D DBIfRA RMSE OfHIC X Y REINTW 5, ftli2s LA,
I OB L 2%, RMSE 28 0.11 X0 {K<, vy P ECTHLSEREIA TS
fEFr 2 NN-PSI iC CHEE AIRE 7= 228D & BLHIRIR H B oA &b 2R T, FFRZIcEs
2 ENEDD 1 O, HEABHIRREIX 104 HE &2, 750 HRE T 72 [BEHI2SHE L 7 -
Tz BB 031 DEA, LEABMIMRZ 11.7 HE &Y, 750 AT 64 B OBHIALTE & 72
o7, e, ZNEDA 0.31 XV KWIGA L. 60 BILLT OB < b ZNHEEATRETH L I L %
L 72,

Z OfERIE. NN-PSI CEALZHEET 2 1Cid, HMRIEMEHMNT 2 ico0, ZBRLEET v
EXaA 742 RELT2LEDRDH Y, BUHARO VG2 T 28EH B H 5 2 LRy, Bk
i3, 2 FEF OB, 1 EEDO v — 27 v — 2% 2 AN 226 % . NN-PSI i< THEE
356, 11 HUT OBHEAM B LE L 75, Aot AN A2 2EHL T, thoZfr
ZATXYSENRET v EF 2 AT 4 IFRELSRETILEND L, 2D, DL £ A4
706, W CEMEZHEE S 25613, BUEAMOBEIT 11 HX VW RIREST 5 2 L23EET
H5,
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Figure 3.22: Relationship between the average observation interval and the peak to peak value in
the sinusoidal displacement.
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36 &

Bfiv I 21—y 3 vic kY, NN-PSI BSHEERTREARZNL X 4 7 2R IC D W CRHIE L 72,
F 7o, BUNGAF 7R 8IRE T 2N E~ DB HMHY T 2L — v 3 VICTHER L. AFiED
3 FF B % FERE L 72,

NN-PSI (%, 1 BB OZMEA 1/4 R (L) OHFIFHNTIX. $IBRZRZEN, AT v 7%
i, TEEEERE X ORI R A O HEE S A[RE T H - 72, ZEAiHEE D K5 % ConvPSI & k3 2
b ATy TEMUNDERL & A 7T RMSE 2831 04 & 72 0, BHETHROHEERE % KiFic
BEE L7z, 1 BIHRRO AN B2 1/4 R (L) OHPINTIZ, NN-PSI OffEERERIZIZE A LI
5D %237 . NN-PSI OHfEE FEDOLEM %ML 7=,

Bfiiv 2 21— 3 vickswT, NN-PSI I CIERRIEII AR ZE 0 ©H 2 A AR ZEficonwT b
MR CHETE 2 2 L %R Lz, BN ARZMNIZ, 1 BHlIRROZEM & 1/4 R (L) CFE
Kb e, BAHEEDHEEICIIOOENRETICLRZTELE, CoRb022{lET 2L
IC X Y. NN-PSI O#EERRICEH T B EHMEZ MR CTE 2 A[REMEZ R L 72,

NN-PSI Dt a2 F ZHET 2720, EV 2_27 + 5 L0E X & ZA0EE o & #2228 H
L. By T2 —vavaF Lk, FHEHEHMAZ/NS CEEL A, ZoHEERERK
HRTF L2 &b, ECKEE AN Z ko 2B iE, FHEHFIZBLIZGE» b RE 2mE &4
POREDT v eXaf 74 OEICHED CTEBEF LW e %2E L, 3. NN-PSI 0ZfrH
EDFHHEI R MCOWTIESHROPELE 3,

NN-PSI iCE% 52 2 L E2 N8BS LT, R—=2 7 4 ViffkE, BUEES X O
BROENHEEICG 2 2 EICOWTHNT LT, N—A T 4 v IREED 540 2 LR & SREAHES &
72 5854, HEERE S RIFICET L, NN-PSI 12 TEMHEE ST 2 RTIC~— 2 T 4 v JHEE & BRI
MO 2R T 2 00D 25 T & 2 L7z, BUAIRRRES ZHEE ORI ICHE T 2 2 & 2L
L7ze AN AZE N o v —27 v —2fE2s 1A, 1 ERHOEN 2 H#EE T 28546, 2 FEMTFE 11
Ho®BIEREALEL R, v—2v—2fHZ 031 E T2 L, #EMRE 13 HXTAT3
TLHTEDS, NN-PSI ZEH T 21cHh7- 0, BIARSHOBMIMREEEIC XY, #ETE 2440
B2ET 2 2 L 2B L7,
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41 ZLC®HIC

AREETIE, NN-PSI OZHEEICEH T 2 Z UM 2R T 5720, #HH I N 52 SAR 0%
BUAGLE % L NN-PSI o #EEREE OfERE & AahtEicowCitig$ 5, 72, #mllics 5
Mt FoE=41Y v 2t LT, NN-PSI Z#H L FiEoIUHE %2 RS 5,

SEBRMEC Sk % 72 NN-PSI OH#EEREE OMER TIE. HARDBEHFE IC BT GPS 8Ll A4 »
P =2 I THIEREAN OE =2 ) v IBREMI N T2 720, GPS Bl &K ¥ 2 27 % i
L. NN-PSI DH#EERTFR L KT 2, 72, BIEFEP O OUREZEST 2720, 22 7 Vv F
24T 40T X0 Ak R A U B AIHZE & 7 2 KERCIERIEI R 20 % #EE L. NN-PSI &
ConvPSI Of R % i3 5, BTV 7 L HU B gL =R i s v Tid, Fle v 5o
T e X TEH Y (Nonaka et al., 2020). ConvPSI OBHHEEICB T R 227 v X af T4
DOFFEA, NN-PSI I X WV EINT VDB L 2ERT 5, /2. HEBOT Y 7ICi3 T3EHIR
LRI O KBV ATEE L, b 3R X 28R IC X 0 BEIMICEN T2 L HE 2 5
nNz, 2o Y T ORBIBEY OZN ZHEE L, NN-PSI 23R R 2RI L < HRTH
5 Z L ZHEICT 5,

%72, #iisotFEE =4 ) v 7icE T NN-PSI O G2 RT3 720, ANBRRiES)
DB LV v FULOHBIL T 2RI N T2 HIRAEE L, ZoEMNEHET 2,
HEFA T Cld, 2020 4F 10 HICHE T F v A v THIC X 2EKER SR I T Y, o
FHEE T L C WA HREME D 5, £/, I—0 v SOV H Y —DT X FTIE, ST
FIC X MBI TR I N T W5, ZDDDBLFEIC I T NN-PSI 28/ L, #TFTH
CHUARL T DR EOBARIERIEET 5, . BT L T XX OFHiL. Fe 51
EEEA SAR & v ¥ &2 L. NN-PSI o JUHEEIC O WT b EZET 5,
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42 EAIHETERBE T

HARDOBIFFEFIC I, GPS #Blll5i23 80 sl bbb, chboBlllfirbRkE LM% 7T v
Fror—xb3 25, EBMHGEHIC NN-PSI Z@H L, ZoHEELNL 77V F v — 20K
I, HEERSE 2 RS 2, BEFFIZ, 74 Ve viEFL—F, KFEESL—F, XU
— 7V T 7L — AT A IR T O HAGIE O 70T b MR 2NE R A il T B 5 GEH,
2018), ML v F A — LV OHGRENLIC X 22N HER TN CTE Y. ConvPSI DN HEE T
B L5 227 v e ¥ ad T 4 O %% 5 REMTD NN-PSI OHEERERIC D TR
T 5, Tz, KBEYIC BT 2 BZIRIC X 2 IFRIERI 0T IC D C b HEERS R % 3l 3 % .
SEOFHT O XK T Y 7 % Figure 4.1 ISR 3,

140.0
36.0 R - 36.0
RQ‘:"“
\ Tokyo Bay
Pacific Ocean
Beam Direction
Miura Peninsula Boso Peninsula Satellite Direction
35.0 | - ----- -35.0
0 25 50 km
[ —

140.0
Figure 4.1: Region of the interest for the NN-PSI evaluation in Kanto region, Japan. The yellow
points, Ptl, Pt2, Pt3, and Pt4, indicate the GPS stations, and red points, Pt5 and Pt6 are the
measurement points by NN-PSI, and the red areas, A1 and A2, are the measurement areas by NN-
PSI. The green star is the reference point of the displacement for GPS and NN-PSI in this area.

KBUHECERIC 31 2 2N0HEE 113, BRMITH B (European Space Agency: ESA) 25| L T
W3, Sentinel-1 DEIHIEFk % L 72, Sentinel-1 (%, 2014 4£ic 1 544 (Sentinel-1A) 23T %
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EF s, 2015 fEoBY0 O R o B Z EFEIIC 12 HIER BN L. BLNE S % ME o
it LT3 (ESA), 2016 4EIC1E 2 5 (Sentinel-1B) 23TH EiF &, EHAVIC SAR #2355
fEX T3, SEIOMIETIR, 2 582375 LTS EFRBMAS XV ZEL T\ 2017 41 A
225 2018 4 12 AR T ©o 2 FM O BLAEI Sk % L 72, BLHIZ:{E% Table 4.1 1, fEHTICEEM
3 2 @ISk O @I H % Table 4.2 1% 3~ 2, Sentinel-1 (X, [Fl—y — v ZiRw T 3O —2
7 A4 VERREE, TRCOBIT 50 m DAICINE 2 XS IGEH I Cw b, Zo@EMETIR
NN-PSI @ EV A<=2 } 7 LB T 55 DHREOEMEARKE L 72D, 100 m ML EE 7R3,
DEAEIL. e 7n & THRAET 2 HBOBTHELR R 3 2 1B 28Ul <1 7R v 23,
FOFHIE T 1 SMOBABELEZ BT 2720, ZOf & ORI IX. NN-PSI OZ (i H#EE 1<%
RERFEITRVWEEZLND,

Y

N

Table 4.1: Observation conditions.

Parameters Values
Sensor Sentinel-1
Number of the acquisitions 59
Observation interval 12 days
Satellite direction Descending
Beam direction Right
Incidence angle 39.0°
Wavelength () 55.5 mm
Average baseline distance 39.1m
Average temporal baseline 12.6 days
Height resolution 113.8 m
Height ambiguity 585.6 m
Velocity resolution 14.1 mm/year (0.25 Alyear)
Velocity ambiguity 802.1 mm/year (14.5 Nyear)
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Table 4.2: Sentinel-1 observation dates.

No. Year 2017 Year 2018
1 2017/01/01 2018/01/08
2 2017/01/25 2018/01/20
3 2017/02/18 2018/02/01
4 2017/03/02 2018/02/13
5 2017/03/14 2018/02/25
6 2017/03/26 2018/03/09
7 2017/04/07 2018/03/21
8 2017/04/19 2018/04/02
9 2017/05/01 2018/04/14
10 2017/05/13 2018/04/26
11 2017/05/25 2018/05/08
12 2017/06/06 2018/05/20
13 2017/06/18 2018/06/01
14 2017/06/30 2018/06/13
15 2017/07/12 2018/06/25
16 2017/07/24 2018/07/07
17 2017/08/05 2018/07/19
18 2017/08/17 2018/07/31
19 2017/08/29 2018/08/12
20 2017/09/10 2018/08/24
21 2017/09/22 2018/09/05
22 2017/10/04 2018/09/17
23 2017/10/16 2018/09/29
24 2017/10/28 2018/10/11
25 2017/11/09 2018/10/23
26 2017/11/21 2018/11/04
27 2017/12/03 2018/11/16
28 2017/12/15 2018/11/28
29 2017/12/27 2018/12/10
30 2018/12/22
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421 BURIEEROMBTF &

Sentinel-1 DELHGI#KIC NN-PSI 2] L, ZAiiEE % 3 2 WEFE % Figure 4.2 1CRd, &
7o ZENCHEE OAHE % fERR S 5 72 @ ConvPSI % [A] UELRIGEENICE L 7z, ZMIHEE o LEix,
PR BGE-CHIIZIC X B AAEBRZE, KK A XBRZE, EV Ax7 + 7 LR, @ OWRES X
OZERIHEE IR & v 5 FIEIC 72 5, NN-PSI & ConvPSI i3, & & OiE /7 ik 22 e i o MLEL N
BRIXRZ 2, WHFIHIFACCTHS720, ZORATIERA—D 70 -8 LT3, hE, T¥
Wi b I IC X 2 544 2Oz 2D BR< 720 I3 2208 DEM 13, [E-HbFE ko 5
HWHEHRL Y v — FHF— 2L 0 REIN T 2BEEESETAD 10 m A v 20 DEM %
il L 72 (B L2 E B, 2017),

Multitemporal SAR data

A 4
Generation of interferograms

A4

Removal of topographic phase 4—{ Reference DEM

A 4
Atmospheric correction

A 4
Generation of EV spectrum

A 4
Height selection

A 4
Displacement estimation

Figure 4.2: Flowchart for the data process of NN-PSI and ConvPSI.

70 —NOTHURICE T, H—DOvRAXEREZRE L., 2O~ R XHER L hO R D3
RCOAAEDLEDOTFHRT HZRE LTz, v RAXMWRIT, THRTOX—27 4 i L BLAIHA
fMoHifETd 2, 2017 4 10 A 16 HOBIHH O BRIEI Sk E Lz, T DR—R 7 4 ke
BUHEERI OBEfR (227> a v 7 7) % Figure 431" d, 24272 av 77 7ICB0WT, R
— A 7 A4 v & BIIEENC D W TiE, SE MBI R o Lz vz o NN-PSI TORNHERE 23
AEECTh L LFEZLNS,
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lines show the combination of the interferometric pairs.
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NN-PSIiC X Y #EE L7221 % GPS bRk 248 M L i L, WEZHEE L7z, 77V Py
N— A%, Figure 4.1 IZRnE N T2 EHHES (GEONET : GNSS Earth Observation Network
System), Ptl %> Pt4 i 13 2 BUHIECE % H L 72 (H 308 A FE - H PR, 2021), GEONET @
BRNGISIC 1T, BHOREHER O X, Y, Z A oZM 2o BRI ARk TH Y. NN-PSI @
HEERES L R 2 © & 23ABETH %, Sentinel-1 DB Ic A, 2017 £ 1 H 1 H2 5
2018 4 12 H 31 H% <® GEONET O#HIECF 2 L 7z, i#ricd 17 5 GEONET @ ID & i
#1022 T Table 4.3 ICEtik 3 5%,
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Table 4.3: Description of GEONET data.

Points GEONET ID Location name
Pt1 93027 OOAMISHIRASATO
Pt2 93067 YOKOSUKA
Pt3 93036 FUTTSU
Pt4 950225 CHIBAHANAMIGAWA

72 ¥, Bawden 5 (2003) DHffge i, GPS #HHIZFEE S E1IC 20 mm. /KFEFFENIC 5 mm FRE D
BHAEAE TN TV T E2URENTE Y, GEONET 2w T RREDORESE TN T
28EZb%, D%, SARBU & [F UBLIHIH O GEONET oBLIGEEkIC B T b, BUIEE
DREWZ®, NN-PSI OFER & EiELK T 2 2 L 8 TE R\, £ 2T, GEONET o#i#lliiek%
30 HDY 4 v FURTEBEIFGZITV, ZOMRERTTA V7 4 v b L2 2 BT L
7eo 2DV 4 Y FUIEIE SAR HEOBHIRRICADE TEREL Twb, £7, NN-PSIic X b
TE X NN, Sentinel-1 @ LOS /51 (Line Of Sight:ti#%) &1L 72 %5, £ D7-%, GEONET
DA% Sentinel-1 @ LOS J7 [ DN A L 72, NN-PSI o #EEZ {7 & GEONET o #{lIF 8%
% LOS HIac i L 72285 f7ic X 9 RMSE Z8H L 72, Ptl 5 Pt4d ic B 1F %, NN-PSI o
HL GEONET oZfi8d 71 v + % Figure 4.4 12783, ZDX T, GEONET © LOS JlA D
ZRnIChn z. BHIH ORIt 156 H OB SRIC B 1 2 EHERELZ T 7 — N —ITR LT3, Ptl »
& Pt4 ® RMSE % Table 4.4 ic #8853,
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Figure 4.4: Displacement comparison between NN-PSI and GEONET. The black point shows the
GEONET displacements converted to the line LOS (line of sight) direction, and the error bar shows
the standard deviation from 15 days before of the observation time to that after 15 days (total 30
days). The red line shows the displacements estimated by NN-PSI. (a-d) the displacements at Pt1,
Pt2, Pt3, and Pt4 respectively.

Table 4.4: RMSE between GEONET and NN-PSI.

Observation Point RMSE (mm)
Pt1 2.1
Pt2 3.5
Pt3 3.9
Pt4 3.5

Figure 4.4 73753 GEONET o LOS /o Z &L, 2 4£[ <, Ptl 1% 10 mm, Pt2 1 20 mm,
FLUPBIE10mm EE, v I 2002 MHAITH Y, Prd TlRfhd KR A~ P D XS &k
TEA ORI R T % 725> 72, RMSE (%, Ptl 2*5 Pt4 TZNF N 2.1 mm, 3.5mm, 3.9 mm
FLU35mm &), $XTOFRA VP T2HMETImm U FDORMSE &7xo7z, THLH DR
AEsRIC B VTIE, ConvPSIIC X 2ZZFIHEE D FEML 72, LA L. BLOMEBIIHIREAANEFRTH
D, ConvPSLIC X Z2HEELEN I 22 T v EF 2 4 7 4 DB %R%T 5729, GEONET OZAf7 &t
B35 2 LM TE I o7z, NN-PSI OHEEZNTE 1Z. GEONET D27 2 O e 722 o i FH 1 Y
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FoTHY. 2 EMOLEL OME I —F L T\ 3, NN-PSI o HEEZ A7 28 GEONET Itk
GO O EBIICH DA, HIIC IV A — M LOKEECENHEECTE 2 L 2EEBT 2 L&,
GEONET *—f# 7 GPS OZERIMRIE DA %+ ichiliz 2 FiheE 2 b5,

423 BHED PSI & DLEER

NN-PSI OZNHEE OREE ORI A T, BETEICSWTREE > TWnwa, 20 TV EX
2 AT 4T X EE 2 F A T B A & T B KRB IERIER e B AL BT B HEE A, NN-
PSIiIck v xEINTWE 02 ET 3,

i 207 v EXaA T4 55T

NN-PSI o#EEH KX, 20 TYEFaf 741 X0 AEftE2a R4 T 5 Mtz & 7 2 KA
ICOWT IR S HEE DS FIRETH 2 720, ConvPSI & KL 2 o FMMEIC O WS 5, &
[F] 0 BROREIIC & £ 0 2 TEER O R FEM O L FILE . IR0 =3 B id, S ZEric X
DAERIEE v FENML T3 7o, Figure 4.1 NIZREINT WS Al & A2 o) TIZE 0T,
NN-PSI & ConvPSI I CEMHERE 21T o072, Al & A2 ORERIIDHETEZEANL D —f| % Figure 4.5 I
3, Figure4.5(a,b) & %12, NN-PSI OHEE S H IZBLAAR %8 L <Y T Z 78 L, ConvPSI
DHEEFERICE VT 2018 4ED 7 Hr o 8 HICHF T, 2a TV X a7 41T & 3 A dfE1EDs
Aoz, Al & A2 MM ICHRESENTE Y | REFREEMIZIEXA I v 7 TRELTWS T2
. JREIF QR E AR E WHIFRZNLIC X B8 L # 2 723, Figure 4.5 ® NN-PSI OfER 25
F2BICT T 3 2 A R T & R,
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Figure 4.5: Estimated displacement of NN-PSI and ConvPSI around A1 and A2. (a,b) show the time
evolutions of Al and A2. The red and blue lines show the resulting displacement of NN-PSI and
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Figure 4.5 178 L T 2 ZNHEE ICfHH L 72 . NN-PSI & ConvPSI DZ A7 IC X 5 i fH7E % Figure
4.6 1278 L, ConvPSI OfEHRIC 1) 2 ek o FEic o W CTiEE 3 %, Figure 4.6(a,b) 1%, Al i
BV B IR ORIES T LT %25, NN-PSI # X 08 ConvPSI ic X U E5E & 7= Rz
ZFETHEHBEINTV LR, ZIERICMHZEER>TWE T X305, $72. Figure 4.6(c,d) D

2018

(b)
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A2 12 272 ICBS L € b NN-PSI & ConvPSI TIZIX[FE UAZAHZE & 72 > T 5, ConvPSI IE,
BH L 7AiM S 2 DL £ L 7 2 720 Al % & A 722N & 7 5, NN-PST OAZHZE 13,
HEE L 22BN AR T 720, 1 BRI A D ED 2a U e R 256 3MIEZITY 2223 T
&%, % DR, NN-PSI iR 02 BRI 2@ L <, L MEm DR L %25, Al & A2
(X, BUAIBAAG 2> S MEHERYIC 20 mm/year FREEOHIBEIL T A RAEL THE Y, T bid 7L — FiEH)
I X BHBFRANIC X 2B CH 5, Figure4.6(a,b) DNVHZIER T 2 &, RET A2 22 L E
&7 B EIHHICT, ConvPSI OZALICAHEEEEDFEAE L T 5, Figure 4.6d @ ConvPSI DR
COVWTIHBEBLC2 alA b o BB L, 2T 2HERPHBEVEINLLD, ©
HHEEESER IR AET 2R IR e ko Twd, T OAE KM, T ZE < LTxed %
CLHARETH D (A FRRXDFHEK), L L, —kia PSLiIcs»CidBIlAR 25 < 32
L RRIARBTFCRETET, EVARI P LK 2@ OREDIEL S RKE 53, £fr
HEEDIEEPMET T 5, PSIT 3 v U~ R X CTOMNTAHIRE 2720, ~ L F~vAXICET
DfERTTR . 1 O L 72 SBAS 7 & o fth O BRI T P T Fikic R R 5,
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Figure 4.6: Resulting displacement phase of NN-PSI and ConvPSI around Al and A2. (a,b) show
time evolutions of Al, and (c,d) show those of A2. The red and blue lines show the result of NN-
PSI and ConvPSI, respectively.

Al & A2 ox Y TarlTlE, 2018 4F 6 H oM AN OENIC T, BREEMO 7 4 Vv i
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25, ELHERTIC & b i S h T ) (E L 2GEE E PR, 2018), 2 DA Nb 5 2 ki &
H . ConvPSI 1T X Y #E7E T N2 BT AR ED R ST w2 A[REMEDS S 5, Figure 4.7 &
Figure 4.8 12, Al & A2 2L biif5icd 5, Ptl & Pt2 ® GEONET D #IBIFLE D HIE )
ALy, FEEKS. £ LT SAR v H 0 LOS JFAOENBEICEE L -HRHIZERMN, 2L <
Figure4.4 T/R L 7= X 512, LOS J51® GEONET D% 47 % Sentinel-1 OB H AT D 15 H (&
2130 H) TPl L 72450 & R % R, Figure 4.7(a,b) Tld, 2018 4Ed 6 AH 5 7 Hic
P TAR =) vy THREEZ LNDEN (1920 mm ) 2EETE %28, Figure 4.7(c,d)
DEE ST DN, LOS FHDOEMNTIE, b ORBIC X 2ZMNT L A LHERTE RO
0%, 72, Figure 4.8 (b)) b[EIERIC, Au—R V) v 7 LEZ LNLENDPE LS, Figure
4.8 (d)> LOS ARIOEN TlX, Z DBRIIMERTE %\, Figure 4.7 & Figure 4.8 (e)ICnE L
7=, Sentinel-1 OEHIH IC3 1 3 GEONET i1 3 ZfEAEICE WTH, HIERLFELK D D
ENICCHER CTE 2R —R ) v TIC X 2 BN BHERTE RV LA h 5, ThF, Ae—2R
Uy 7HFAEL TR HIC L, BREOBHIMEAR VWD EEZ b, T HIC, SAR OHF
HECERIC BT 2 THiT o EE L, SREOBES M (i) OZMNEHET 2 e L v, L
72723 T, Figure 4.5 ® NN-PSI O#EFERICE TR =R Y v 7T X 247 % BHTEICHERE C
T2\ lE, SAR THRNTEDORHEIC X 0, B A BT & o ZATREMEA K & W,
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Figure 4.7: Displacement components of GEONET (93027) in time series. (a-c) show west-east,
north-south, and vertical displacement component of GEONET data from the beginning of 2017 to
the end of the 2018 at Pt2, respectively. (d) shows the GEONET displacement projected on to the
Sentinel-1 LOS direction, and (e) does the averaged LOS displacement of GEONET with 30 days
window on the Sentinel-1 observation dates.
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Figure 4.8: Displacement components of GEONET (93067) in time series. (a-c) shows west-east,
north-south, vertical displacement component of GEONET data from the beginning of 2017 to the
end of the 2018 at Pt2, respectively. (d) shows the GEONET displacement projected on to the
Sentinel-1 LOS direction, and (e) does the averaged LOS displacement of GEONET with 30 days
window on the Sentinel-1 observation dates.

fEdT = ) 7 RO BRI AN, # IICItE S 5 728, GEONET o#lHIE % #H L AN o fE
% FEZH L 7=, Figure 4.5 ® 71 v kTl3, ConvPSI Tl 2018 4% 10 25 1 FdSEtE D 4 b 1L
727-%, 20184E1 A6 HF T (T1) & 201847 H»H 12 AF T (T2) D 2 > DOHAM & B

X,
EL. T1 & T2 ERIEEEMEERkD -, ZOEMEIZ. LOS Ao EIcE#fl 723 0T
% %, GEONET BUHI S X B e i+ 2 72,

TR B IR 7Y F v SHRICX Y T
U 7RO ERTEEEMNE A BRI L2, T1 & T2 2B 3 AEMFEZA 8 % Figure 4.9 ITR T,
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T1 25 T2 BT, BRYE L =B ORmICE W UL FEMEN K E < & 2 HE235
2. ZNLA DT, HE Y RELREIIMER CTCE hd o, 2O DR IE, Figure4.5 TR
INTVRRRIOZEMN 7ry FEFLETHY, Al A2DT Y T Tk, Au—RY v 7054
3, BN K E WD 227 v EF 24 T 4 1T X 2 REREORELRZ T 28 & 7x
S TWB I L EIFT oML ko7,
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Figure 4.9: Mean velocity projected to the LOS of Sentinel-1 with GEONET of T1 and T2. (a,b)
show that of T1 and T2 respectively. The white lines show the boundaries of the prefectures in
Japan.

NN-PSI & ConvPSI ®#EHI1co\w»C, GEONET D& HIZIE & [FEE IC R LM 8 % 90 L
72o Al & A212C, ~ A4 7 v ORI EEURBOEENRE (u/o) 2310 LA LD 100 R4 ~ b %3&
HL.ZDOFRA v MickiF 5 Tl & T2 OFEMFHEMNEDO 2 KD, Zi1Ld DR % Table 4.5
IR,

Table 4.5: Mean velocity estimated by the PSI approaches.

Method T1 (mm/year) T2 (mml/year)
A1
NN-PSI -17.1 -19.0
ConvPSI -10.0 28.8
A2
NN-PSI -14.1 -17.9
ConvPSI -12.8 49.4
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Al (3. NN-PSLic X 3 T1 & T2 OFMFEZNMERIZ. 20 Zh-17.1, -19.0 mm/year & 72 o
7z ConvPSI TiZ, T1 & T2 i3Zn%h, -10.0, 28.8 mm/year TH -7z, NN-PSI Tix T1 &
T2 T FEMB Z /R T DIk L, ConvPSI Tid T1 ik FEAZR L, T2 T3 OMER %R L
720 A2 122V TS NN-PSIiC X % T1 & T2 O4EMPEEZEAIZ L & ICHL FER 2R LT 3 25,
ConvPSIZ T1 i3 FEM, T2 IZMEMEIM L 72572, Al & A2 Difi= ) 7iZ 3T, NN-PSI i3
%58 L CH T %% L, ConvPSI E T1 idvk P, T2 MM %2R L7z,

ConvPSI D& IE, 20 7Y € ¥ a4 7 4 1T X 2 A FA L, T2 TIAERFEEN B
BaINS 2 (@ & 72 b . NN-PSI i AGE et % ik L 3 2 @k /R LCw %, Al & A2 1%, Pl
& P25 10 km LINDOIHEEECH v . 271 Figure 4.4 1278  Twv» % GEONET DA ICIT L
borib, Ptl & P2 ickswnCiz, T2 Oz NN-PST ofEHE & [ U < i Ff 2R LT
2, TNHLDZE XY, NN-PSILiF2x 7 vEeF¥adT4ICXEEELZ T T2 ConvPSI O
ERIRZUGE L2 e 2R, . BUIARIHICRAE L 72X -2 Y v FiIconwTid, SAR *
v B DWEETIA %> & 1345462 % &A1 C & 3, NN-PSI & ConvPSI i X 2 2858 1< 5\ CHE B 72
BBV EnwEEZLND,

i FHIR AL

BRI O RAUE IS - ¢, FHMEE P TR ME 2 H V. 20 Y 7T I3 REE 2 N THEEY)
DT 5. S5 OEYITAERIC X 5 BIRIC T, NN-PSI THEE L 728554, 1RO 2L L
5 EEZ NS, Figured.l ®© Pt5 IZBIPRATIC I 1T 2 2EUF, Pt6 13 vy 3 Ao KB v v
ThH, ThoDEY)ICET SZA% NN-PSI & ConvPSIIiC X D #EE L 7z, Pt & Pt6 E D
BEHEBR, EV A7 b 7 4 ZAHEERE R, 56 O [ RBUH AR © HVFEEE o BLEIEC Sk, GEONET
WX Ok 224 %, £ % Figure 4.10 & Figure 4.11 12783, 7Znd. HFEHSUROBLHIEIEK
FEARITA— L= XD AT L. #illl & Table 4.6 (<R3 (GAR/T, 2021),

Table 4.6: Information of the weather observation points.

Point Weather observation point name
Pt5 Kisarazu, Chiba
Pt6 Funabashi, Chiba
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Figure 4.10: Estimation results at Pt5. (a,b,c) The location of the displacement, EV spectrum, and
NN-PSI in red and ConvPSI in blue at Pt5. (d) The daily average temperature measured by the
Japan Metrological Agency at the closest stations from Pt5. The satellite imagery in (a) is distributed
in the GSImap.
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Figure 4.11: Estimation results at Pt6. (a,b,c) The location of the displacement, EV spectrum, and
NN-PSI in red and ConvPSI in blue at Pt6. (d) The daily average temperature measured by the
Japan Metrological Agency at the closest stations from Pt6. The satellite imagery in (a) is distributed
in the GSImap.
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ConvPSI DHEEFTR 2 LRI L ITHO D Z ZEH L7z, RMSE ZEHE L 724558, Pt5 Tl 43 [Al,
Ptl TIZ 49 BIOEFIRICE T 5, HEHKROIOOEXZFHE Lz, b0 ZiconTid, £8LHHIH
ICB T AEHEREZH W, 2B P ICEB T 2 BN A Zf o v — 27 v — 7 ffiE 20 mm 12 <,
HEET 27201213 60 & — VIREPMLE L 2 2B TH B, ZD7dD, TDIEHDEDOFHETIL,
BUERRO B K E K b | HEERTREARZMEA/NE < 72 5720, NN-PSI o H#E5E ik F A5 Hr it
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Figure 4.12: Repetition results of estimated sinusoidal displacements. (a,b) show NN-PSI and

ConvPSI results at Pt5 respectively. (c,d) show those at Pt6. The error bar shows the standard
deviation in each observation date of the repeated estimations.
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Table 4.7: Average of the standard deviation on each observation date, based on the repeated

displacement estimation.
Method

Pt5 (mm) Pt6 (mm)
NN-PSI 1.9 1.7

ConvPSI

4.5

3.3

Figure 4.12 Ti%, Pt5 & Pt6 I3 \\» T NN-PSI DZENHEED IS DX NI LK LELTWBED
XL, ConvPSI TIRIFHLDOEDBKET VT & %

AL7z, T, 3 EOEMNAREMDY T 2
L—va VEIROMR L —T 5, 59 v — v, 5 v — v oBllIERE 7 v X LI BRE,
DR LZNHEE L. ConvPSI OHEEFEFAKE C1IX5 2 &, NN-PSI OZAHEE XL S D Z AV
ILCREL T S720, NN-PSI I X 2 fiEE L DEHIEL G & 0h 5, DL XY,
NN-PST i3 KB DB IRIC X 2, v — 27 ©— Z7{EA% 20 mm 2 O A 22 207 % #EE L <
W AREMEDE K. ConvPSI OHEEHEENEL 22 L 2R T,
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AHiCiE, WAL TSR I N T REHHREGT L N T —D T XXX P 2XRNRTY T L
L. NN-PSTiC X b 2o DRNHMEDAIRETH 5 22 {LET 5,

431 EHREHFEMB T TOBEEX

2020 4E 10 HIcHifts S - Eigkax = v 7 &0 NN-PSI # @ L, 20X Y 7 O % HEE
T 5, EEGEERT 0 K BRIRETEFEBIT T, EERE O EIHEN O 72 © BIMGE 2> & B4 &l
FTOM 16k miZ DWW THY P ICEBUERK 2 i T4 % 720, B 21 4 5 A ICBEHE2356E < h
FE I N7 (B LAGBA R 0  BUREREFHIN . RSN b v 2 Ve LSRR R 20w
HiIck 2 b, A EHERR D S BIBGE I C o THIE, 2019 4E 1 A2 5 THEABR =R
FAER b Vv AV LEMSIRASR), COLFRFEEHE LD L5720, #HT 40 m LUEEBEL T
B, HEICIEERLNEIICTRIN TV, L LAasss, 2020 4 10 Ao EfiHE >
DU 7 EEAOEEEICE T, B MRS X 4172, 2020 4 9 HUEIC I T 2 Bt
BREvANTEPERINTEY, BE (2021 4£3 HOWR) <TlE. ZofE L7z ) 7RHEAD
FaEES TObI, by v TH L ORERRICO W THERZIT - T % (3 H A SOE R
£tt, 2021),

Figure 4.13 13, HEAER P v A v O A EED LEBEICH T CoOTHEAL—-F 2R L TWw5,
b v AT HIE Pl 25 P3 DIEICHED S, Pel 13 2019 48 1 H. P2 13 2020 4£ 4 A, Pt3 1%
2020 4 9 HEEICHRME X 7z LG S T 2 AR b v A Vil LSRG R A S), 2020 4F 10
ALK, P32 THEKEITIC B W GERORIE ARG S T\wb, £ 2T, NN-PSI #@EH L.
Figure 4.13 23/R 3 LEHEEfEL — AL OHKRMEN ZHEET 5,
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Figure 4.13: Intensity image of Sentinel-1 data over GSImap around the highway construction. The
red line shows the construction of the underground highway.

i BAREOBITE A

fERT = U 7 (%, Sentinel-11cC 12 HEWI< SARBIZh<CH v, THELFMKR I L 2019 4F 1
A5 2021 4 3 H £ CoBIEER%Z MM LT NN-PSIIic X 267 2 HE L 7=, T IcifS 3
BUAIEE % D FE 1 Table 4.8, BUAIRE Sk OBLAIH % Table 4.9, #BUMIGEEKIC 1) 2 NN-PSI © 22 %
7 ¥ av 77 7% Figure 4.14 13, BUHFCEROMENTIZ, Figure 4.2 ISR I N T3 FHICT
NN-PSI %@ L. 1 E CTOFHM & FEkIC ConvPST OZLLHEE D FEME L 72,
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Table 4.8: Data description for Chofu area.

Parameters Values
Satellite sensor Sentinel-1
Number of acquisitions 68
Time interval of the acquisitions 12 days
Satellite Direction Descending
Beam Direction Right
Incidence angle 39.0°
Wavelength (A) 55.5 mm
Average baseline distance 449 m
Average observation interval 12 days
Height resolution 102.6 m
Height ambiguity 510.1 m

Velocity resolution

12.8 mm/year (0.23 Nyear)

Velocity ambiguity

843.5 mm/year (15.2 Nyear)
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Table 4.9: Sentinel-1 observation dates for the Chofu area.

No. Year 2019 Year 2020 Year 2021
1 2019/01/03 2020/01/10 2021/01/04
2 2019/01/15 2020/01/22 2021/01/16
3 2019/01/27 2020/02/03 2021/01/28
4 2019/02/08 2020/02/15 2021/02/09
5 2019/02/20 2020/02/27 2021/02/21
6 2019/03/04 2020/03/10 2021/03/05
7 2019/03/16 2020/03/22
8 2019/03/28 2020/04/03
9 2019/04/09 2020/04/15
10 2019/04/21 2020/04/27
11 2019/05/03 2020/05/09
12 2019/05/15 2020/05/21
13 2019/05/27 2020/06/02
14 2019/06/08 2020/06/14
15 2019/06/20 2020/06/26
16 2019/07/02 2020/07/08
17 2019/07/14 2020/07/20
18 2019/07/26 2020/08/01
19 2019/08/07 2020/08/13
20 2019/08/19 2020/08/25
21 2019/08/31 2020/09/06
22 2019/09/12 2020/09/18
23 2019/09/24 2020/09/30
24 2019/10/06 2020/10/12
25 2019/10/12 2020/10/24
26 2019/10/18 2020/11/05
27 2019/10/30 2020/11/17
28 2019/11/11 2020/11/29
29 2019/11/23 2020/12/11
30 2019/12/05 2020/12/23
31 2019/12/17
32 2019/12/29
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Figure 4.14: Combination of the interferometric pairs used in the PSI approaches. The yellow
square shows the master acquisition, and the black squares are the slave acquisitions. The horizontal
axis shows the date of the acquisition, the vertical axis shows the baseline length in meters, and the
blue lines show the combination of the interferometric pairs.
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Figure 4.15 12783, EEFHILEM B DA O HAEHE b v A0 THEAE S 7R ICh -
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Figure 4.15: Mean velocity map of ConvPSI around the highway construction.

Ptl, P2 5 X U Pt3 Ol R5| DN % Figure 4.16 10~ d, T/, #EEL

AL D & TH

W ORRELZINET 2720, ZhZ KR4 v MMEigo THEfE LA % Table 4.10 i3 3, L
FOWMENICOWTIE, FEHER b v A TEERETR B 2O 19 bk X O 22 MR EREkR %

SFIC L7 (RS b v A e T 5 WS

ZER).

Table 4.10: Construction period around Pt1, Pt2 and Pt3.

Point Construction period

Pt1

Jan/2019 to Mar/2019

Pt2

Apr/2020 to Jun/2020

Pt3

Sep/2020 to Oct/2020

Ptl & Pt2 T,

NN-PSI & ConvPSI & % iC[F] UfEHF 27/~ L 72, Ptl 13, THE 2R X 72 2019

F1AMETE Y25 20 mm B, WTFT2EAAHERL 72, Pt2 3. T53 2020 44 A

ICENE X T W B 28,
& ConvPSI TR 7z 2 {HF O BN DR X L7z, NN-PSI O #E%E Tlx. 2020 £ 9 A 2>

10 mm |3 DL T ER I N T 5, Pt3 Tid, NN-PSI

1 7 A3 i
b 12 Hig» g

T, 20225 30 mm EE, MREE L v I OEI 2 5MICEINZZ & %R L7, ConvPSI i
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Figure 4.16: Time evolution around Pt1, Pt2, and Pt3. (a-c) show Pt1, Pt2, and Pt3 respectively.
The red and blue line show NN-PSI and ConvPSI result.
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7o B3, 2009 FE DY, BIED Szent Gellért tér BUEHL DM T THEAFEMmEL T 5FRiIc, ZD0E L
ICH 2 ERECIEYIZHIEILT LT 5 2 & AR S . ERPPEZENL R 134)-10 mm/year TH -
7= 2 & BHRE X T W B (Oliver et al., 2012), Z oM FETE Il S & T ic & 32247 % NN-
PSLIC X W HEES 5,
i BRAREOBITE A

BRI RHET 21CH720, FAYVFHEBIDEMN L T3 TerraSAR-X fiT 2 o BLHIE 8% % |
L7, TerraSAR-X |Z, X ¥V FD SAR v v HZ L Tk 0, M LKL A 2 m T, &
il 7 CR R ) e R BT 5 L AT E B, HUMRILT X, 2009 o0 11 HUEHICHERR I hC
F ., 2008 4 10 A2 5 2010 4 4 H oW ik & - BIAIRCH Z (£ L. NN-PSLIC CTE %
fERE L 720 B L 72 BUAIGCER D FEM % Table 4.11, BIHIH % Table 4.12, fi#ffr = ) 7 & TerraSAR-
X DR % Figure 4.17 IC/8 3, KD 728 ConvPSI TOZNHEE 1T - 72, BLHIECER D fig
W77 1%, Figure 42 IR I N TV B FIECTEML 7z, £/, PSIOTHEST2RDZ, a4 7
a v 7 7 7% Figure 4.18 1T/ T,

Table 4.11: Data description for Budapest.

Parameters Values
Satellite sensor TerraSAR-X
Number of acquisitions 42
Time interval of the acquisitions 11 days
Satellite direction Descending
Beam direction Right
Incidence angle 44 .5°
Wavelength (A) 31.1 mm
Average baseline distance 74.3 m
Average observation interval 13.1 days
Height resolution 37.0m
Height ambiguity 1459 m
Velocity resolution 10.5 mm/year (0.34 Alyear)
Velocity ambiguity 433.0 mm/year (13.9 Myear)
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Table 4.12: TerraSAR-X observation dates.

No. Year 2008 Year 2009 Year 2010
1 2008/10/24 2009/01/20 2010/01/07
2 2008/11/15 2009/01/31 2010/01/18
3 2008/12/07 2009/02/11 2010/01/29
4 2009/02/22 2010/02/20
5 2009/03/05 2010/03/03
6 2009/03/16 2010/03/14
7 2009/03/27 2010/03/25
8 2009/04/07 2010/04/05
9 2009/04/29 2010/04/16
10 2009/05/10
11 2009/05/21
12 2009/06/01
13 2009/06/12
14 2009/06/23
15 2009/07/04
16 2009/07/15
17 2009/07/26
18 2009/08/06
19 2009/08/17
20 2009/08/28
21 2009/09/19
22 2009/09/30
23 2009/10/11
24 2009/10/22
25 2009/11/02
26 2009/11/13
27 2009/11/24
28 2009/12/05
29 2009/12/16
30 2009/12/27
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Figure 4.17: Intensity SAR image at the study area around Budapest. The base map is
OpenStreetMap (OpenStreetMap Foundation).
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Figure 4.18: Combination of the interferometric pairs used in the PSI approaches. The yellow
square shows the master acquisition, and the black squares are the slave acquisitions. The horizontal
axis shows the date of the acquisition, the vertical axis shows the baseline length in meters, and the
blue lines show the combination of the interferometric pairs.
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Figure 4.19: Distribution of the resulting points of PSI around Szent Gellért Station. The color of
the points represents the mean velocity of ConvPSI. Pt1, Pt2, and Pt3 are the selected points, and

the time evolutions were investigated. The background map was obtained from OpenStreetMap

(OpenStreetMap).
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Figure 4.20: Estimated displacement at Pt1, Pt2, and Pt3. (a-c) show the time evolutions at Ptl,
Pt2, and Pt3 respectively. In the time plots, the red, blue, and purple lines show NN-PSI and
ConvPSI displacements, respectively. The gray dash line indicates the date when the subsidence
was reported.
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mm &7R-o Tk, VI HROENAEIZ-15 mm THSZ EBMHERINTWS, 72, Oliver
(2012) 5 DFERERHC B WTH, LOS S DOZFLED-15mm &> T3 2 EARINT W5,
o OBHEHRIL, TerraSAR-X OBLHIECEH GHEE L 72 Pt2 & Pt3 OZfiE & —H3T %, Pt2
EPBICHNTE, WTEPZBICKE S L2 THEORHHA L TH H . M TSR LHE
R ICEE LG 2 RS RE W EZ LN,
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Figure A. 1: The results of the linear displacement with Dof 0.0 A .
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Figure A. 2: The results of the linear displacement with Dof 0.5 A .
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Figure A. 7: The results of the linear displacement with Dof 3.0 A .
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Figure A. 19: The results of the linear displacement with Dof 9.0 1.
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Figure A. 20: The results of the linear displacement with Dof 9.5 1.

A-21



Height (m)

Figure A. 21: The results of the linear displacement with Dof 10.0 A .

150

100

50

-100

-150

Accumulated coherence

Coherence

Displacement (A)

100

80

60

40

20

1.0

0.8

0.6

0.4

0.2

15

10

=
o & o

KN
(42}
o ‘I\II‘I\II'II\I

-5 0 5
Velocity (Alyear)
(a)
l LI LI L LI T T 17T T T 17T L
T 11 1 1 | L1 11 | 11 1 1 I L1 11 | 111 1 I L1 11 T
5 -100 -50 0 50 100 150
Height (m)
(b)
U T T T T T T T T T 1

il

b b b |

200 300

Days

(d)

400

A-22

Coherence
I o o Loy
» [} © o

o
[N}

o
)

(6]
o
o



2 RT v ITEN

2Ty TEMOBIEY I 2L —y a v OREERT, ZEDE 025 031 T, 00510
ZH L, NN-PSI ZH L7z, KX 3ZEEABEOERE L, (@)IZ EV 227 b7 4, (b)IZENE
FEARICHERSa e —L v 22 BE LGSO 787 7 4 4, (O RREL 726 S OWERS| 2
b—L v AD7u 7 7 A NERT, (DIFEMHEER R %2R L, AR#k2° NN-PSI, F##2* ConvPSI,
ZLCEESEYEY S 2L —v a VY ER L A2 2R T,

A-23



150 10
100 08
—~ 50
£ Sos
= o
O 4
T 50
-100 0.2
-150 ! :
-5 0 5 00
Velocity (Alyear)
(a)
100 l T T 17T ] L [ L l L L [ 11T l T 11T l_
8 L a1
S 80 -
5 C ]
[0}
g o ]
8 60 -]
he) - -
ko C ]
8 40 ]
2 C ]
E - -
E C ]
g 20 -
< C ]
O T 11 1 1 | L1 11 I 11 1 1 | L1 11 I 11 1 1 | L1 11 T
-15 -100  -50 0 50 100 150
Height (m)
(b)
10 1
08 =
8 o6k .
S 06— ]
g C ]
g C ]
o 04— —
o C ]
02 [ .
0.0 & x
1.5 T T ] T T I T T W T T W T T
1.0 -
g - -
= 05| —
c
[ - |
£
()]
Q
< - il
g 05 .
[a) - -
1.0 - -
Py T E Y E BRI R
0 100 200 300 400 500
Days
(d)

Figure A. 22: The results of the step displacement with Dof 0 A

A-24



150 1.0
100 0.8
—~ 50
£ Sos
= g
5 0 2
o) 0.4
(@)
T 50
-100 0.2
-150 ! A
5 0 5 00
Velocity (Alyear)
(a)
100 l T T 17T ] L [ L l L L [ 11T l T 11T l_
8 C 2
2 80 -
& C ]
[0}
o B i
8 60 .
he) - -
2 C ]
8 40 ]
35 - .
E - -
3 - .
8 20+ —
< C ]
O T 11 1 1 | L1 11 I 11 1 1 | L1 11 I 11 1 1 | L1 11 T
-15 -100 -50 0 50 100 150
Height (m)
(b)
1.0 [ 7
08 =
8 o6k .
2 06— A
5 C ]
g C ]
o 04— —
© C ]
02 [ .
0.0 & X
l 5 T T ] T T I T T W T T W T T
1.0 =

o
3]
I
|

Displacement (A)
o
[S)

-05 +— —
1.0 (- N
Py T E Y E BRI R
>0 100 200 300 400 500
Days
(d)

Figure A. 23: The results of the step displacement with Dof 0.05 A

A-25



150 1.0
100 0.8
—~ 50
£ Sos
= g
5 0 2
o) 0.4
(@)
T 50
-100 0.2
-150 ! A
5 0 5 00
Velocity (Alyear)
(a)
100 l T T 17T ] L [ L l L L [ 11T l T 11T l_
8 C 2
2 80 -
& C ]
[0}
o B ]
8 60 .
he) - -
2 C ]
8 40 ]
35 - .
E - -
3 - .
8 20+ —
< C ]
O T 11 1 1 | L1 11 I 11 1 1 | L1 11 I 11 1 1 | L1 11 T
-15 -100 -50 0 50 100 150
Height (m)
(b)
1.0 [ 7
08 =
8 o6k .
2 06— A
5 C ]
g C ]
o 04— —
© C ]
02 [ .
0.0k 4
l 5 T T ] T T I T T W T T W T T
1.0 =

o
3]
I
|

Displacement (A)
o
[S)

-05 +— —
1.0 (- N
Py T E Y E BRI R
>0 100 200 300 400 500
Days
(d)

Figure A. 24: The results of the step displacement with Dof 0.1 A

A-26



150 1.0
100 0.8
~ 50
£ Sos
= ]
5 0 2
(2} 004
T 50
-100 0.2
-150 ! :
-5 0 5 00
Velocity (Alyear)
(a)
100 l T T 17T ] L [ T 1T l T rr [ T 1T l T T 17T l_
8 u ]
c 80 =
g L i
()
< - -
8 60 -
© - -
o . N
840 — —_
S C i
£ o i
5 B ]
8 20 —
< C a1
O T 11 1 1 | L1 11 I 11 1 1 | L1 11 I 11 1 1 | L1 11 T
-15 -100 -50 0 50 100 150
Height (m)
(b)
1 0 r T T T I T T T T l T T T T ] T T T 7
08 =
8 o6k .
c 0.6 — ]
e r -
o C N
S 04— —
O C ]
02 -
0.0 -5 0 5
Velocity (Alyear)
(c)
l 5 T T ] T T I T T W T T W T T
1.0 — —

o
3]
I
|

Displacement (A)
o
[S)

-05 +— —
1.0 (- N
Py T E Y E BRI R
>0 100 200 300 400 500
Days
(d)
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Figure A. 28: The results of the step displacement with Dof 0.3 1
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Figure A. 30: The results of the exponential displacement with Dof 0.1 A .
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Figure A. 35: The results of the exponential displacement with Dof 0.6 A .
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Figure A. 37: The results of the exponential displacement with Dof 0.8 A .
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Figure A. 38: The results of the exponential displacement with Dof 0.9 A .
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Figure A. 39: The results of the exponential displacement with Dof 1.0 A .
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Figure A. 40: The results of the exponential displacement with Dof 1.1 A .
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Figure A. 41: The results of the exponential displacement with Dof 1.2 A .
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Figure A. 42: The results of the exponential displacement with Dof 1.3 A .
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Figure A. 43: The results of the exponential displacement with Dof Dof 1.4 1.
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Figure A. 45: The results of the exponential displacement with Dof 1.6 A .
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Figure A. 47: The results of the exponential displacement with Dof 1.8 A .
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Figure A. 48: The results of the exponential displacement with Dof 1.9 A .
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Figure A. 50: The results of the sinusoidal displacement with Dof 0 A .
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Figure A. 51: The results of the sinusoidal displacement with Dof 0.1 1.
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Figure A. 52: The results of the sinusoidal displacement with Dof 0.2 1.

A-56



150 1.0
100 0.8
~ 50 ©
% § 06
5 0 2
T 50
-100 02
-150 * :
-5 0 5 0.0
Velocity (Alyear)
(a)
100 l T 1T T 7T UL LI L L L L
8 C i
c 80 —
g = .
[}
2 I 7
8 60[ ]
o - .
@ C ]
8 40 ]
> = -
£ - ]
5 C ]
3 20 -
< C ]
0 T | I - I L1 11 | L1 11 l ) | 111 1 \ L1 1 T
-15 -100 -50 0 50 100 150
Height (m)
(b)
1.0 L T T T T T T T T T T T T T l
0.8 [ =
8 C ]
c 0.6 — ]
& C ]
o C ]
o 0.4 — |
O C ]
02l .
MN 1 1 1 1 l 1 1 1 Al
0.0 - 5
Velocity (Alyear)
(c)
15 T T ] T T I T T W T T W T T
1.0 — —
3 - -
€
Q
£
Q
Q
©
Q.
%)
[a) - -
-1.0 — —
Py T E Y E BRI R
~o 100 200 300 400 500
Days
(d)

Figure A. 53: The results of the sinusoidal displacement with Dof 0.3 1.
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Figure A. 54: The results of the sinusoidal displacement with Dof 0.4 1.
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Figure A. 55: The results of the sinusoidal displacement with Dof 0.5 1.
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Figure A. 56: The results of the sinusoidal displacement with Dof 0.6 1.
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Figure A. 57: The results of the sinusoidal displacement with Dof 0.7 1.
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Figure A. 58: The results of the sinusoidal displacement with Dof 0.8 1.
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Figure A. 59: The results of the sinusoidal displacement with Dof 0.9 1.
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Figure A. 60: The results of the sinusoidal displacement with Dof 1.0 1.
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Figure A. 61: The results of the sinusoidal displacement with Dof 1.1 1.
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Figure A. 62: The results of the sinusoidal displacement with Dof 1.2 1.
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Figure A. 63: The results of the sinusoidal displacement with Dof 1.3 1.
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Figure A. 64: The results of the sinusoidal displacement with Dof 1.4 1.
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Figure A. 65: The results of the sinusoidal displacement with Dof 1.5 1.
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Figure A. 66: The results of the sinusoidal displacement with Dof 1.6 1.
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Figure A. 67: The results of the sinusoidal displacement with Dof 1.7 1.
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Figure A. 68: The results of the sinusoidal displacement with Dof 1.8 1.
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Figure A. 69: The results of the sinusoidal displacement with Dof 1.9 1.
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Figure A. 70: The results of the sinusoidal displacement with Dof 2.0 1.
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