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Abstract: Satellite interferometry has been used extensif@yground-motion monitoring
with good success. In the case of landslides, fample, space-borne SAR interferometry
has a good potential to get an overview on theeslksiability. The role of a space-borne
INSAR as an element in a landslide or rock fallmuag system is constrained by the specific
space-borne SAR imaging geometry, the typical letweek repeat-interval, and
uncertainties in the data availability. Most ofghdimitations can be overcome with an in situ
radar imaging system. GAMMA has developed a poetabtar interferometer that utilizes
real-aperture antennas to obtain high azimuth wésol Images are acquired line by line
while rotating the transmitting and receiving am@s about a vertical axis. Phase differences
between successive images acquired from the saratido are used to determine line-of-
sight displacements. The instrument operates & GHz and has measurement sensitivity
better than 1 mm. The instrument uses two receiairtgnnas with a short baseline to form an
interferometer. Phase differences between simedtas acquisitions by these antennas are
used to calculate the precise look angle relatvéheé baseline, permitting derivation of the
surface topography. Expected statistical noiséénhteight measurements is on the order of 1
meter. In this contribution the design, measuremenntciples and characteristics of
GAMMA'’s Portable Radar Interferometer are presented

1. INTRODUCTION

Satellite interferometry has been used extensif@iyground-motion monitoring with good
success. In the case of landslides space-borneil@aRerometry has good potential to obtain
an overview of slope stability. Furthermore, relaly slow, temporally uniform movements
can be quantitatively monitored from space. Of ipaldr interest is the two dimensional
coverage potentially achieved and that there afe diata archives readily available to be
explored for the time after 1991. The results agtiehave caught the interest of a relatively
wide user community involved in a broad range gfliptions. Nevertheless, some important
requirements cannot be met by satellite SAR interfetry. Given the typical multiple-week
repeat-interval, some uncertainties what concdradata availability, some delay in getting
the data as well as limitations related to the S®Rging geometry, signal decorrelation and
other problems this technique is for example cjeadt sufficient as a landslide or rock fall
warning system. In other cases the spatial resoludr the sensitivity of the space-borne
INSAR technique may be insufficient.
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In recent years several in situ radars have beeelajged and used for applications including

measurement of landslides and volcanoes [1, 2]Jadfoeve good azimuth resolution these
systems acquire data along a linear track to forsyrathetic aperture. These systems are
clearly complementary to the space-borne technamee show good potential. Furthermore,

laser scanners and photogrammetry systems are b&ugfor similar purposes.

2. MOTIVATION FOR TERRESTRIAL INTERFEROMETRIC OBSERVAT IONS

In our contacts with important users of slope amkrinstability information we identified a
significant demand for two-dimensional, readily igadsle and accurate measurements. Over
the last years ground-based SAR instruments usedhi® purpose demonstrated a good
potential for deformation mapping and monitoringh #&nportant aspect is that these in situ
instruments can be used more specifically to monéndslides, rock falls, or infrastructure
than space-borne systems. The observation geomethyobservation times can more freely
be selected and can be used to optimise the measoi® for the specific case. The ground-
based radar instruments are also quite complenyeritarground-based laser scanners.
Strengths of the radar systems can measure upveyasekm in distance and have high
sensitivity for measurements of motion. Another ampnt advantage is that the
correspondence of repeat measurements is verycasdiolled through the coherence of the
interferograms.

Considering this potential we decided to develograund-based radar system for this
purpose. In our design we included some new comsdepoptimise the performance of the
instrument. Important design objectives which werdy partially realized in previous
instruments include:

- Similar spatial resolution as existing ground basethr systems

- Similar deformation sensitivity as existing grourased radar systems

- Similar or better applicability range as existimgund based radar systems

- System shall be portable

- Coverage of a wide view angle in a single image

- Reduction of image acquisition time

- Measurement of topography as an additional prodbat, also for use in the
georeferencing of the deformation results

Taking this into account we came to the instrunaesicribed in the following.

3. INSTRUMENT DESCRIPTION

As a consequence, GAMMA has developed a portablar iaterferometer (Figures 1 and 2).
Unlike previous terrestrial radar instruments [lit2Joes not use aperture synthesis to obtain
good azimuth resolution. Our instrument uses rpakare antennas, 2 meters in length.
There is one antenna used to transmit and twowvegeantennas. The three antennas are
mounted parallel to one another on a rigid 1 méigh tower mounted on a precision
rotational scanner. The radar image is built ug lby line by azimuthally rotating the
antennas about the vertical axis. The two receigimgnnas are separated vertically forming a
spatial interferometer useful for measurement ajltanformation.
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Each antenna is mounted in a carbon-fibre trusigided to both light and rigid. Curvature of
the antennas beyond a few mm could seriously degttael image resolution. The antenna
positions can be adjusted vertically and therénésfacility to slightly change the rotational
angle of one antenna with respect to the centtahaa for precise pointing. The antennas can
be tilted vertically to illuminate the region ofté@mest. In elevation, the antennas have a
beamwidth of approximately 45 degrees.

In addition to the antennas and scanner, the m&ni has a digital chirp generator, a
microwave assembly that contains the transmitter Zundependent receivers, an analog to
digital converter (ADC), and a laptop computer. Tlaptop computer controls the data
acquisition and is used for later data analysis.

A relatively high radar frequency of 17.2 GHz wdssen both to obtain good azimuth
resolution and high sensitivity to motion. A temayr permit has been obtained from the
governmental communications office to operate igtftlequency in Switzerland

The instrument is portable and can be battery eperdhe installation effort is relatively small
and individual measurements can be taken in less 1B minutes for an 80 degree scan.

4. 2D IMAGE GENERATION

The radar is obtains range resolution using the ®M-(Frequency Modulated-Continuous
Wave) technique that is especially well suitedrfear-range imaging. Azimuth resolution is
obtained using narrow-beam antennas.

4.1. FM-CW radar

The radar uses the FM-CW approach to obtain raegelution. A linear frequency ramp is
transmitted that covers the frequency range of i 17.2 GHz. The range resolution of the
radard is determined by the 200 MHz bandwidth and is etualpproximately 75 cm.

Cc
0 =— 1
This chirp signal is generated using a direct digynthesizer and is translated to 2.15 GHz
using a frequency translation loop. The chirp entimultiplied by a factor of 8 to operating
frequency and amplified. Transmitter output pov&e63 mW. The duration of the chirp can
be programmed in the range 256 micro-seconds te.8 m

FM-CW radars work best at relatively close rangemgtthe echo is received simultaneously
while transmitting. For this reason the instrumiea$ separate receive and transmit antennas.
Given that the chirp is linear, there will be a stamt frequency offset between the transmitted
and echo chirp signals that is dependent on timt dagepo:

Af :@ (2)

cT

The echo consists of returns for scatterers instteme with various delay times2o/c that
are dependent on the slant range. Consequently,afabe echoes has a different frequency
offset whereT is the chirp duration, an is the bandwidth as shown in Figure 3. Processing
the data to get a range profile is obtained byquering an FFT on the data samples.
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Figure 1 - Portable Radar Interferometer Hardwdrgure 2 - Deployed radar interferometer
components showing the rotational scanner, antenna support
structure, antennas, and microwave assembly.
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Figure 3 - Relationship between FM-CW radar tratteaiiand received signals. The time delay translates
into a frequency differenassf.

In the receiver, the input signals are amplified anixed with the transmitted chirp. The
difference signal has a bandwidth of several MHpetgling on the range chirp rate and
distance. The video amplifier after the mixer hdsw frequency cutoff to suppress signals
due to direct coupling between the transmit aneivecantennas and from scatterers located
close to the radar. The particular chirp choseraforepplication depends on the nearest range
of interest. Near range imaging uses the short@p ctignals, while far range imaging
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applications use the longer duration chirps. Thiputuof the video amplifiers is digitized at
sample rate of 10 MHz and stored in the laptop aderdor later analysis.

4.2. Real-Aperture Azimuth Imaging

For real-aperture radars, the azimuth resoluticsetermined by the antenna beamwidth and
slant rangeR, &; = R sin &. In the case of the Gamma Portable Radar Interfetemthe
azimuth beamwidthg is 0.4 degree yielding an azimuth resolution obwb/ m at a slant
range of 1 km.

The real-aperture approach has several distindrddges compared with aperture synthesis
approach. Since the antennas rotate about thecaledxkis, it is possible to image a full
circular arc. It is not possible to do this withireear scanned antenna that may only illuminate
a small angle.

Synthetic aperture images require phase coherdrtbe targets for the entire aperture time of
the scan. If motion occurs for example over vegetatreas, the synthetic aperture is destroyed
and the unfocused backscatter from the vegetasi@priead in azimuth over the entire scene
increasing the phase noise of all targets, inclyttimse where the phase was coherent.

For the GPRI the image lines are acquired in apprately 2 milliseconds. During this short
interval the scene is essentially stationary areteflore there is no decorrelation in an
interferogram created using a spatial apertures Tieans that a DEM can be produced for
the entire scene rather than just for stable targstis the case with systems that rely on
aperture synthesis to create the image.

The primary advantage of aperture synthesis is ligt resolution is possible if a long
aperture is created. Building a stable platform degloying a large scan structure require
significant time and resources. It is also difftctd do in remote area. For such a system to
work, it is essential that the platform remaindbkdor the entire observation period that may
span months or years.

Furthermore, relatively small antennas can be usdidearly scanned radar. However, for a
small antenna, the antenna gain may not be suffitteobtain good SNR. A larger antenna
with more gain has the disadvantage that only dlsrea of scene will be illuminated.

5. MEASUREMENT OF DEFORMATION  USING  MULTI-TEMPORAL
DIFFERENTIAL INTERFEROMETRY

Phase differences between successive images atdrora the same viewpoint are used to
determine line-of-sight displacementd,s from image acquisitionsd apart. Given a
differential phase differencg the displacement is given by:

_A¢
=—= 3
los 4]7 ( )
whereA is the wavelengthA&1l7.4 mm at 17.2 GHz) with a displacement measunéme
sensitivity better than 1 mm. Since the measureénsefor the 2-way path, motion of %
wavelength along the LOS results i@rmchange in the interferometric phase.

A differential interferometric data set consistsacferies of images acquired over time. If the
motion is relatively rapid, such as for a glacieith motion on the order of mm/hour data can
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be acquired on a single day. Otherwise, for slaweving features, several months may pass
between observations. Ideally, the images are ssdjdfom exactly the same position such
that there is no phase signal due to topographg. bdsic geometry for interferometric data
acquisition is shown in Figure 4.

B Position 2
Position
B B
J2
12

Figure 4: Interferometric image geometry showing llaseline B with parallel and perpendicular
components and the slant range vecpdrandp?2.

The images acquired from position 1 are from posi2 are precisely coregistered and the
phase difference between the complex image sanmplesculated. The contributions of the
differential phasepin the interferogram are:

¢ = %opo + ¢disp| + ¢atmos + ¢noise

477 4

_ 4 arr
Q= 7 a| +7 rdispl +7 Fatmos + Broise

Where thegopo is due the topographic componegiy, is the displacement phasgmes is the
atmospheric phase amgi« is thermal noise. The sensitivity of the topogiapklated errors
is determined by the size of the baseline sinceéapegraphic phase is given by:

d¢  4n (5)
—~ =-""B,
dé A
In the GPRI the residual baseline is on the orddr am and appears as a range phase ramp.

Given an existing DEM, or a height model determinsthg the GPRI spatial interferometer,
it is possible to estimate this small baseline sutatract the topographic signal.

The principle source of error for differential iferometry is due to variations in the path
delay due to changes in temperature, pressurewandlity [3, 4]. In this regard in situ radar

measurements are advantageous because many oilosesreain be combined using stacking
or time series analysis methods [5]. Assuming thatdeformation process is constant the

average velocityd of pixeli givenN interferograms with time intervalsis given by:

5= A B4 S\ A 2( AT | jz (6)
4= ar 5 ovang)=) | — =TRAA | /A
I 4771-:1 Atjz r( I) ;(477-) W,] A I i i
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In the GPRI there are actually two differentialeirierograms acquired given that there are
two receiving channels. The complex interferogrénesn each of these channels can be
averaged to improve the SNR. However, since thmspheric phase delay and topographic
phase errors are nearly identical, the averagets@sa single observation in Equations 6.

The phase data must be unwrapped to be interpastddstance. Phase unwrapping is defined
as the process of adding integer multipleufto the wrapped phase values to become a
continuous function that is directly proportionalthe difference in path length. A constant
phase offset must also be estimated to take intmwumt various relative delays in the
electronics between channels or observations. pRase unwrapping to be successful, the
targets should only move a fraction of a wavelenggiween observations. The constant
phase offset can be determined using 1 or morealgmints in the scene where there is no
deformation between observations.

6. DEM GENERATION WITH INTEROMETRY USING A SPATIAL BAS ELINE

The portable interferometer has been constructéid twio independent receivers in order that
signals can be received using two antennas wiiked Dffset to form a spatial interferometer.
This baseline is currently set to 15 cm, but cdaddextended to 85 cm with the current tower
configuration. The phase difference of the imagegived by the two receiving antennas can be
used to precisely measure the elevation agglelative to the baseline. Given the baseline
geometry, including the length and orientatiotis ihen possible to determine the 3D position of
each scatterer in the scene [6]. The geometryeoGtRRI is close to ideal for measuring heights
because the vertical antenna baseline is closerpepdicular to the observation direction.

The solution of the 3-dimensional position of eadint Prelative to a reference positiéh

on the antenna tower is obtained using the knoveelire vectoB, slant-rangep, rotational
azimuth angled, and the elevation angjeof the point derived using the interferometric gda
@ To begin, construct a Cartesian coordinate systéh the baseline is along tkexis, and
parallel to the rotation axis. Theandy axes of this system are perpendicular and lidén t
plane perpendicular to the rotation axis. The »sa@fithe local system points in the direction
of the antenna beam at the centre of the imagiagTdre radar information as the following
vector equations:

us]

o
|

el

__NQ_
2/ =--T" =Bcos 8
‘P—Pl‘ 4 4 (8)
u; - g [k =sinycosf )
-hn
P-B o
R =sinysind 10
‘P—F}‘@ y (10)

These three equations can be solved to determipdsition vector of the point in the local
coordinate system. These position vectors in tballbaseline referenced coordinate system

can then be transformed to map coordinates knothiagositionP, in map coordinates, and
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the Euler angles of the baseline coordinates velaib the local North, East, and Down
coordinate system.

As with the differential interferometric phase, theerferogram phase values are wrapped and
need to be unwrapped before they can be converthdights. For the spatial interferometer,
the absolute phase constant can be determined @isangmore control points in the scene
with known 3-D coordinates.

7. MEASUREMENT APPROACH

The GPRI is field transportable and can be setanpoperation within 30 minutes. Correct
positioning of the instrument is crucial to gettimgpd results. Since motion is detected along the
line-of-sight, a position should be selected wtikeemotion signal has a significant component
along the LOS. The measurement schedule can benietel from the expected deformation
velocities. Over the measurement campaign, theateganotion should exceed a few mm.

The study region for measurement of deformatiorukhgontain numerous targets such as
buildings, rock faces, and boulders that have egatf phase that is not influenced by the
weather or wind. The angular image arc should ctwerdeforming features as well as areas
that are known to be stable. Sufficient images khbe collected to allow stacking of the
interferograms to remove small-scale atmospheraselsignals.

At the start of the measurement campaign, theunsnt should be set up on a stable area
preferably on rock or pavement. After the instrutniems been positioned it can be fixed to

the ground with screws using plastic or metal ameh®hese positions should be carefully

marked so that the tripod can be mounted at thes qaosition at a later time. The antenna

structure should be levelled using a spirit levehacurately as possible and the height of the
tower reference point carefully measured with acueacy of a few mm and recorded. This

information can then be used to set the antennanscaas close as possible to the same
position for subsequent measurements.

After the instrument has been set up, the operasi@onfirmed by acquiring a set of echoes
and plotting both the raw data samples and the @chble. The particular chirp that is
selected depends on the maximum distance such thieatecho spectrum matches the
frequency bandpass of the receiver video amplifiére video amplifier amplifies signals
between 0.1 and 4 MHz and has a programmable gaivelen 40 and 80 dB.

When the test area has been identified, the antenpainted in the direction of the centre of
the intended image arc. The positioner permits aeadf position with an accuracy of
.087degrees. This value should be recorded sudhineges acquired at later times or
subsequent deployments match.

After the GPRI has been deployed and powered ugia gl image acquisitions can be
performed. For the first acquisition an interfel@grand correlation map using image data
from the upper and lower antennas can be calculatetl displayed using the Gamma
software. These data are used to confirm the imegjen. Furthermore, high coherence in the
radar image confirms that the antennas are coeggist A temporal interferogram using data
from both acquisitions can be used to evaluateeh®oral coherence characteristics of the
scene. Differential interferometry requires tharéhare stable scatterers within the region of
interest. The distribution of scatterers must besdeesnough for successful phase unwrapping.
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The data acquisition should be at least 20 to 3gas to permit interferogram stacking to
reduce the atmospheric phase noise.

8. DATA PROCESSING AND EXAMPLES

Data processing of the GPRI data involves focufiegange echoes using an FFT. After the
initial focusing the images are processed using#me processing steps as for standard SAR
interferometry [7]. These steps include interfeemgrgeneration, phase unwrapping, multi-
looking, and stacking to reduce atmospheric phdgerain geocoding and generation of
DEMs from the spatial interferograms requires safewvthat is specifically adapted to the
polar scanning geometry.

The GPRI has been deployed at several sites imgutlie Tessina landslide in Northern Italy

and the Rhone glacier in the Valais region of Seviend. Figure 5 shows the Rhéne glacier
and the associated GPRI intensity image with 2nelpgpacing in Figure 6. The radar is

located at the apex of the wedge and the imagesrswange out to 2.15 km and an angular
arc of 70 degrees. Note that there is significh@dsw in the image due to the very large
incidence angles.

Figure 5 - Rhoéne glacier view from radaFigure 6 - GPRI intensity image of the Rhdne
installation location. glacier acquired on 17-Oct-2007 resampled to
rectangular format.

The Rhéne glacier has average velocity of aboutrd/hour along the line of sight in the
GPRI data (35 m/year) as shown in Figure 7. A &dlour cycle represents a rate of 60
m/year. This deformation map was created by stgckitages acquired over approximately
80 minutes. In Figure 8 we show the interferogramdpced from the upper and lower
antennas. In this image each fringe representshalgragth difference of 8.74 mm. This phase
can be unwrapped and used to generate a DEM gldbeer.
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Figure 7. Deformation map 60m/year/cycle | Figure 8.Spatial interferogram phase, B=15cm

9. CONCLUSIONS AND OUTLOOK

GAMMA'’s portable radar interferometer was describ@this real-aperture FM-CW radar
supports both the measurement of surface movenaentssurface topography. Movements
are mapped using multi-temporal acquisitions, terdaeights are retrieved using SAR
interferometry on the data received by the two igfptseparated receive antennas. The
instrument is portable, can be applied over a vade view angle range and up to distances
of several kilometers. The deformation sensitivgybetter than 1mm in the line-of-sight
direction. Apart from the instrument descriptiore tmethodology used and the processing
done were described. Initial measurements (see ridies et al., 2008), confirm a good
potential of the instrument. More experience wdldbtained in further campaigns.
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