Satellite radar interferometry: state of the
art and future directions

Recent developments in Europe

MEPKF AR

iﬂE%*ﬂm%t .:/ 9 — Research Center for Earthquake Prediction

DISASTER PREVEMTION RESEARCH INSTITUTE KYOTO RNIVERSITY

PALSAR workshop, Kyoto University, Japan
Ramon Hanssen

20084 1H24H

Delft Institute of Earth Observation and Space Systems I U De I ft

R.F.Hanssen@tudelft.nl Delft University of Technology



contents

e INSAR: current limitations/problems
 Solutions to the limitations
 New missions
« Methodology developments
« TOPS
« PSI (SBAS, Hybrid)
 Validation experiment (Terrafirma)
« Future directions

e
TUDelft






Model of observation equations (1)

Functional model:

- di B,
3¢P A [! T Rismn6°

Observation Unknowns
Rank deficiency!  Often treated opportunistically

Stochastic model:

Q‘p — 0—% In Based on thermal (instrumental) noise
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Model of observation equations (2)

* Add unknown parameter: Integer valued unknown
* Phase ambiguity

4wy B, -

 Add error signal to stochastic model:
« Atmosphere (troposphere, ionosphere)

« Orbit errors Spatial varying
. ~trend disturbance
e Decorrelation

e Geometric Pixel-based noise

ot
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Atmospheric disturbance

e Spatially varying disturbance signal
« (Can be ~5 cm over 20 km

» Spatially correlated but temporally
uncorrelated (At>1 day)

e Introduces covariances in stochastic
model

Wavelength ;
+ 100 km 10 km 1 km 100 m 33 40
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Geometric decorrelation

e Baselines vary

cange besein® ” -3k 7  Relative scattering
it mechanisms change
seliné ~
”*‘”m/? - Images become
uncomparable

Note the Trade off between height £ ction of
sensitivity (large baseline) and noise handwidth, baseline,
reduction (small baseline)! Doppler centroid, and

\ R .
- terrain slope

Mibncsatl
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Temporal decorrelation

Temporal 1 day 1 year 2 years 3 years 6 years
baseline

Perpendicular |2 112 1 1
baseline (m)
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Envisat interferograms gsingle master)

Bperp=-1193.4
Bte

Delta_fDC= 122

Btemp= 175

Delta_fDC=68
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Current limitations

Problem/limitations

Consequence

Solution/mitigation (Hardware)

Solution/mitigation (Algorithmic)

Lack of data

Applications cannot be
developed

More data, easier avalil

Get the most from limited data

Temporal decorrelation

Noise, location dependent

Longer wavelength, Faster revisit
(=wide swath)

Persistent scatterers, SBAS, hybrid

Geometric decorrelation

Noise/lower resolution

Wide bandwidth, orbit control

Selecting point scatterers only

Atmosphere

Phase screen

7?

More data for averaging

Resolution

Small stable scatterers not used

Higher resolution

TOPS

Identification of time coherent
scatterers

Few coherent points

Higher resolution, more data in time

Better PS algorithms, hybrid algorithms

Ambiguity resolution

Loss of phase lock

More data

Better algorithms (ILSQ)

Quiality control and assessment

No redundancy, reliability hard
to check, phase center not
Clear

Overlapping data takes, more data

Validation experiments, fundamental
science, datum transformation, error
propagation

]
TUDelft



Developments in INSAR

1. To appreciate developments, we first need to
consider the limitations of the current possibilities

2. Developments can be categorized in three groups

SENSORS and SYSTEMS | METHODOLOGY | APPLICATIONS
%E’IZES; " serlsl%zg)rooiisss:jction) él:\!r:; SEJEE;E;Z (TZ:Z slides,
:z:'lnel Spectralhd&;\t/)erzirdsity

S = =
CONSEQUENCES
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Missions

]
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Future (X and C band)

Mission From Until Band Repeat orbit ~ Resolution
(days) (m)
(aagen)
ERS-1 1991 1999 C 35 4 %20
ERS-2 1995 2011 C 35 4 %20
Envisat 2003 2013 C 35 4 %20
Radarsat-1 1995 2009 C 24 8x8
Radarsat-2 2007 2012 C 24 10x9
TerraSAR-X 2007 2012 X 11 1: 3
TanDEM-X 2009 2014 X 11 1;3
Cosmo-Skymed-1 2007 2012 X 16 1
Cosmo-Skymed-2 2007 2012 X 16 1
Cosmo-Skymed-3 2008 2013 X 16 1
Cosmo-Skymed-4 2009 2014 X 16 1
Sentinel-1a 2011 2030 C 12 5x10
Sentinel-1b 2012 2031 C 12 5x10
Radarsat-C1 2012 2019 C 12 10
Radarsat-C2 2013 2020 C 12 10
Radarsat-C3 2014 2021 C 12 10
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SAR-Lupe constellation

* German defense
« High resolution
e 5 sats

e 3 orbital planes
e 500 km

e Launches: Dec 2006-
2008

e X-band (spotlight)
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TerraSAR-X

e Civil & Defense

e Resolution 3x3 (stripmap) (swath
30 km)

e Launch 15 June 2007
e TerraSAR-X-2
e TanDEM-X

]
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real data examples

X

eTerraSAR

acquisition mode : "SM" / "stripNear_011"/ "HH/VV" / "R"
product type  : "S3SC"/

start time UTC  : "2007-11-23T17:18:26.867458"

stop time UTC  : "2007-11-23T17:18:35.867463"

orbit cycle / no. / dir. : 15/2454 / 116/ "A"
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TerraSAR-X: resolution.dual.pole
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TanDEM-X = = - el
Mission Goals “*===:
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Cosmo-Skymed 2 launch (9 Dec 2007)

COSMO SKYMED







Cosmo-Skymed Image







Radarsat 2 launch: 14 Dec 2007

RADARSAT-Z launch vehicle (Soyuz) at the launch pad. Credit: Roscosmos

RADARSAT-2 launch vehicle (Saoyuz) at the launch pad. Credit: Roscosmos
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Radarsat Constellation

|Inner Zone
‘UNM - 50NM

Mlddle Zone
EIINM 250NM

. Outer Zone -
ZEONM “1000NM

Small area /

excluded g
from 100% -
coverage

requirement

Outer Zone

Small area
excluded
™\ from 100%
coverage
requirement
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Sentinel-1

]
TUDelft



Sentinel 1: an ‘operational’ mission

Designed for provision of ‘guaranteed data services’ for
which liability can be accepted

Satisfy user needs consistent with GMES public
institutional user model (cf. meteorological data
provision

Most acquisitions pre-planned and routine operations
normally uninterrupted

However, system designed to respond to emergency
requests (support disaster management in crisis
situations)

Source: E. Attema (ESA) (;
TU Delft



Sentinel-1 mission

e Following programmatic priorities and GMES pilot
service requirements, Sentinel-1 gives

 CONTINUITY of ERS Quality SAR data
o RCT improvements

e Revisit

e Coverage

e Timeliness

Source: E. Attema (ESA) 4
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Conflict between orbit selection and
service continuity?

l GMES services require: l

Better revisit w.r.t 35
days ERS/Envisat repeat
cycle (based on
altimetry)

Continuity: Same
viewing geometry
especially for differential
interferometry

Persistent scatterers insensitive to changes of
frequency and viewing geometry?? (Yes/No)

L

Quick establishment of new archive

Source: E. Attema (ESA) -I,-‘U D elft



Mearr Local Solar Time at Ascending Node
18:00 hours |
, Repea‘r Cycle 12 days
* Cycle Length 175 orbits
;_Qwaa‘b Width
- 250 km (TW) A
400 km (EW)

%
.

20 Kkm x 20 lm (WV)Y T - %

Source: E. Attema (ESA) -I(-;U Delft




_Bolarisafion’ 4
- } VV+VH or. HH+HV (ﬂIT modes)
" Spatial Piesolu’non (Ground Range x Azimuth)

—i_ 5 x5 m, single look (SM), 5 x 20 m single look (IW),
25 x'80:m 3-looks (EW), 20 x 5 smgle. look (WV).

Sensmwfy :
Nonse. Equwalen’r 0° -25 dB

Radlome’rry ' |
S’rabtllfy 05 dB  Accuracy 10 dB |

Amblgm’ry Ratio
- DTAR-25 dB

Source: E. Attema (ESA) -I’-;U D elft
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Conclusions New Missions for
Interferometry

* High bandwidth - high resolutions
* More persistent scatterers, better characterization
 Short repeat orbit & wide swath interferometric mode
» Decreased temporal decorrelation, higher precision due to
sampling
 Constellations
« Higher repeat interval, more viewing geometries
e Operational systems
» Guaranteed data provision
o System of systems

S WwesmAME s
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Methodology developments

« TOPS
e PSI

]
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New missions, frequent revisits: wide
swath Is necessary!

*Wide swath requires a wide Siant Range Coverage AR
*A wide slant range coverage requires a low PRF

*A low PRF requires a larger antenna length L

*Typical values for spaceborne SAR. AR<Lx4800

Ar<-C Ly
V., 4

sat
Example: ERS/ES/Sentinel: L=10m—> 4R < 48 km (=110km ground swath)

Consequence: a frequent revisit time (10 days) would

demand a huge antenna
. b

N 3
Source: A. Monti Guarnieri TU Delft



Burst mode: ScanSAR

In ScanSAR mode, each target is revisited > once in the azimuth footprint.

The Cycle Time should be lower than the footprint time:

Te<T¢

Each target is observed for a Dwell Time:
Ty« Te/N.
Its bandwidth is reduced of a factor > 1/N

Resolution is traded for coverage.

N 3
Source: A. Monti Guarnieri TU D elft



Burst mode: TOPSAR
In TOPSAR mode, the cycle time is quite longer than the AAB time: T >>T.

The continuous coverage is achieved by
rotating the beam backward-to-
forward.

The cycle time depends upon the beam
angular velocity: there is a degree of
freedom in that.

The rotation shrinks the AAP,
simulating a longer antenna.

Resolution is traded for coverage.

]
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Methodologic solutions for problems:
PSI
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Deformation
measurements:
time-series
approaches

« Evaluation per point:
double-differences

e Opportunistic subsets

Purpose:
eMitigate atmosphere signal

e resolve topography and
deformation

eResolve ambiguities
S memiR2E s
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PS principle
 Pixels with strong and consistent reflections in time.
e Multi-pass InSAR — time series necessary.
« Estimate atmospheric signal:
e Spatially, not temporally correlated.
« Independent of baseline. (topography is)

|
\
Phase [cycles]

+0.5




Principle of Persistent Scatterer
INSAR (PS-INSAR)

FE Belection: Mefwork Formation: FEC Esfimation:
Selection of P3C based on Formation of a redundant Temporal unwrapping of
amplitude dispersion. network between PEC and patameters for every arc.

caloulation of the Displayedis the estimated
differential phase per arc. annual deformation of the

T atcs.

Bput:
Stack of interferograms.

F& Selection:
Selection of PEP based on
amplitude dispersion.

APY esfimafion:
Estimation and removal
of APE per epoch.

Chafput:
Annual deformation for 0 B
every P35, outliers filtered.

| P8 Estimation: Filfering: Spatial Unwragping:
- Unwrapping of PP Fileting of AP for the Remaining network with
- phases based on PEC Fac. fitting unwrapped parameters
r . results. for PEC wrt. a reference
Chetpnat: point. Uneonnected PAC will
Height wrt. a reference be removed.
sutface for every PE,

ters Bored A
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SAR Data North of the Netherlands

Track No images | Master image | Firstimage | Lastimage Track No images | Master image | Firstimage | Lastimage
108 68 05-Aug-97 | 09-May-92 | 27-Sep-05 487 31 27-Jul-99 15-Apr-93 | 29-Sep-02
380 75 20-Jul-97 02-Jul-92 | 21-Dec-03 258 37 06-Jun-97 30-Mar-93 | 10-Feb-00
151 75 21-May-97 12-May-92 | 13-May-05

S WweswAME s
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Six orbital tracks

v -7.590451 - -6.000C00
v -5,999999 - -5,000C00
-4,999999 - -4.000C00
-3.999993 - -3,000000
-2,.999992 - -2,000000
-1.999993 - -1.000000
v -0.999999 - 0.000000
v 0.000001 - 1,000000
¥ 1000001 - 3.000000
e

4

=450 images x 500E6
_:225E9:'co_..m';p'lex obser
420 GB input data”
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Vertical PS velocities (mm/year)
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Infrastructure

mm/y
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Hondsbossche Zeewering en Duinen

| Pan@ramio

Camperduin

3 Mspiecac? | Inappeanniby | Coriant f
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Validation Experiments

e Corner reflectors (see Petar Marinkovic’ presentation)
« Terrafirma validation experiment

]
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Case ‘Alkmaar’ - Background

« 16 gas fields
« Start gas production early 1970's

* Ongoing production, with expected
end ~2010

e Production from depth > 2000m:
* Rotliegend Slochteren Fm
e Zechstein 3 Carbonate Mb (Platten)

¢ Main Buntsandstein Subgr (Bunter).

« Max subsidence ~ 4mm/yr

e Expected maximum subsidence 2-8
cm over total prod. period.
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TeamA Alkmaar ERS
TeamB Akmaar ERS
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TeamA Alkmaar ERS

TeamB Akmaar ERS

1.6 4.65 4.7 4.75 4.8 4,85

Langitude

TeamD Akmaar ERS
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0.E

52,55
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filtering approach is different.
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An alternative measure: STC (Spatio-Temporal Consistency:
Alkmaar ERS)

TeamA Akmaar ERS TeamB Akmaar ERS

LI 2 ey L s Tva-T g .
T T : = __‘-._..::__._._ ral e

TeamE Akmaar ERS

528

masf-

sas| &t

Teaml Alkmaar ERE

L T

Spatio-temporal
consistency
(min 50 m, max 250 m)

Alkmaar ERS
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Latitude

Latitude

De-trended PSI velocities at leveling benchmarks
Alkmaar ERS
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Example time series
Alkmaar ERS

301
201

101

o
T

Displacement [mm]
=

1 1 i |
Jan 1992 Jan 1994 Jan 1996 Jan 1998 Jan 2000

TeamA

TeamB TeamC TeamD TeamE >< Levelling
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Evaluation of individual displacements
Alkmaar ERS

« Based on temporal interpolation of the PSI time
series at the time of leveling measurements (epochs)

« Temporal interpolation using square interpolation
kernel of length 6

TeamA TeamB TeamC TeamD TeamE

Number of benchmark 328 3470 772 458 1265
epochs
Std. difference 8.0 10.9 8.8 7.3 7.6

levelling-PSI [mm)]

S 008F1A4B s
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Comparison In the parameter

space!
Mogi modeling
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model space comparison, ERS data

3
gas field

1.5
1

yibus.is 82.nos |elo}
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Conclusions case ‘Alkmaar’

* All teams were able to detect the signal of
interest (irrespective of the spatial density and
quality)

* Velocity precision (leveling-PSI): 1-2 mm/y

* Displacement precision (leveling-PSI): 8 mm

]
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Conclusions

e Large contribution to problems in radar interferometry
based on

 New missions
 New methodology
« Dedicated experiments

]
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