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Abstract—In this letter, the requirements to derive topography
from a portable terrestrial radar interferometer are introduced,
the instrument design and the relationship between interfero-
metric phase shift and surface topography are explained, and
two examples of topographic maps from measurements at the
Rhone glacier and Grabengufer rock glacier in Switzerland are
presented. In the first case, an external digital elevation model
was used to assess the error of topography mapping with the
portable radar interferometer and to analyze ice surface changes
of the glacier in the last 14 years. We found that the height error
standard deviation is about 3 m within a distance of 2 km from the
sensor and observed massive thinning of the Rhone glacier. In the
second case, we used the terrestrial radar interferometer in order
to measure the height difference between August 2009 and March
2010 over the rock glacier as a consequence of its destabilization.

Index Terms—Digital elevation model (DEM), glacier, radar,
radar interferometry.

I. INTRODUCTION

ADAR interferometric techniques have been widely used

with satellite data to produce global digital elevation
models (DEMs). Most of the DEMs reconstructed from satellite
radars used data from the European Remote Sensing (ERS)
satellites ERS-1 and ERS-2 during the tandem phase between
1995 and 2000 with one-day acquisition time interval and from
the single-pass Shuttle Radar Topography Mission (SRTM)
during an 11-day campaign in February 2000. In the case of
the ERS-1/2-derived DEMs, the vertical error is typically a
few tens of meters [1], [2], although relative errors of a few
meters were also reported [3], [4]. The planimetric resolution of
the ERS-derived DEMs is about 25 m. The indicated absolute
and relative 90% vertical accuracies of the SRTM DEM are
£16 and £6 m, respectively, whereas the horizontal positional
accuracy is about 20 m [5], [6]. Both ERS and SRTM DEMs
show sections without data because of radar shadow, layover,
and insufficient interferometric coherence.

Although, at a local scale, terrestrial radar interferometers
are also employed to derive the surface topography of the il-
lumination area. A quick topographic reconstruction, even with
incomplete spatial coverage, may be, for instance, employed
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Fig. 1. GPRI overlooking the Rhone glacier in the Valais region of Switzer-
land on September 6, 2007.

for the identification of landslide or glacier hazard. In addi-
tion, the availability of topographic information permits precise
in situ localization of terrestrial radar images. In comparison to
satellite radar interferometry, in the case of ground-based data,
long repeat times can be avoided, and the number of views of
the scene can be arranged. First studies on topography mapping
with a ground-based synthetic-aperture radar at C-band [7]-
[10] indicate an absolute error of about 5 m within a distance of
2 km from the sensor.

In 2007, Gamma Remote Sensing developed and constructed
a portable imaging terrestrial radar interferometer operating
at 17.2 GHz [11], [12]. Unlike other ground-based systems
based on azimuth resolution by synthetic aperture, the radar
utilizes an azimuthal rotating interferometric array of real-
aperture antennas. This allows having a mobile instrument that
is able to illuminate an angular sweep of up to 360° in a
short time. The main purpose of the radar interferometer is the
monitoring of unstable slopes. However, the receiving system,
as shown in Fig. 1, includes dual antennas to form a spatial
interferometric aperture. Because two images are created si-
multaneously, an elevation model of the entire scene, including
rapidly decorrelated targets as forest, can be created; there are
no atmospheric artifacts; and there is no need to separate motion
from topography. Multiple acquisitions to reduce errors are
easily possible, owing to the rapid acquisition time.

In a first part of this letter, the terrestrial radar is pre-
sented. The theoretical bases of topographic reconstruction
with radar interferometry are then given. This section also
includes considerations about possible sources of errors. In the
following, an example of topography reconstruction from radar
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measurements of the Rhone glacier (Switzerland) with an as-
sessment of the error by comparison with an available external
DEM is presented. The external DEM is also used to analyze
the ice surface height changes of the glaciers in the last 14 years.
Finally, measurements with the terrestrial radar interferometer
of the rapid topographic change over a destabilized rock glacier
in the Swiss Alps are discussed.

II. GPRI

The Gamma portable radar interferometer (GPRI) (see
Fig. 1) is a frequency-modulated continuous-wave radar oper-
ating in the frequency range of 17.1-17.3 GHz with an output
power of +18 dBm [11], [12]. The slant-range resolution of the
system is
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The chirp bandwidth of 200 MHz yields a nominal range
resolution of 0.75 m. The azimuth antenna pattern determines
the GPRI azimuth resolution. The nominal 3-dB beamwidth of
the antenna is 0.4°, which is equivalent to a resolution of 7.5 m
at a I-km distance. The antenna gain is 25 dB with an elevation
beamwidth of 45°.

The radar microwave electronics are mounted physically
close to the antennas on the support structure in order to reduce
feed losses. The antenna spacing is 25 cm between the receive
antennas, with the transmit antenna located 35 c¢cm above the
center receiving antenna. A rigid carbon fiber truss is used
to maintain antenna alignment. The separate transmit antenna
is required to obtain sufficient isolation between receive and
transmit channels. The antenna tower is attached to a mount
that is responsible for azimuth positioning. A typical data
acquisition covers an angular sweep of about 90°; however, full
360° imaging is possible. This is a major advantage of polar
scanning over linear rail-based systems. The azimuthal pointing
angle is repeatable with an accuracy of better than 0.04°. The
scan time for a 90° sweep was approximately 30 min and was
limited by the mount. The entire radar is controlled by a laptop
computer via a Universal Serial Bus interface.

Processing of the individual images requires windowing of
the echoes followed by a fast Fourier transform. It is also
important for generation of DEM data that the video filters
in the upper and lower channels are close to identical with
respect to phase and group delays in order to suppress relative
phase errors between the channels. The data are collected and
processed in polar format and can be resampled into rectangular
or terrain geocoded format using bicubic spline interpolation.

III. RELATIONSHIP BETWEEN INTERFEROMETRIC PHASE
SHIFT AND SURFACE TOPOGRAPHY

As shown in Fig. 2, a radar signal of the interferometer is
transmitted from antenna A; and received at both antennas Ao
and Aj separated by a vertical baseline B to form an interfero-
gram. Using the laws of sine and cosine, we can determine the
following equations for the surface topography z as a function
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Fig. 2. Interferometer imaging geometry. A radar signal is transmitted from
antenna A1 and received at both antennas Ao and Ag separated by a baseline
B to form an interferogram.

of the ranges to a point on the ground Ry and R3 and the look
and baseline angles 6 and « [3]:
cos(0 + a) = = @)
2
R% =B? + R3 — 2BRycosf. 3)

The difference in path lengths from the transmitting antenna
A; to a point on the ground and back to the receiving antennas
A, and Agj is related to the measured interferometric phase ¢
and wavelength \ of the radar by

2
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If the interferometer is set up perfectly vertical (a = 0), the
following expression results for the surface topography z as a
function of the interferometric phase ¢ from (2)—(4):
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The height of ambiguity [13], i.e., the height resulting in a
phase change of one fringe (27), is about 150 m at 2-km range
for a baseline of 0.25 m. For most typical surface terrains in
hilly areas, a baseline of 0.25 m seems a reasonable value to
avoid phase unwrapping problems and still have a relatively
high sensitivity to height changes.

The principal errors associated with the measurements arise
from uncertainties in the measured phase ¢, the baseline B,
and the angle « of the baseline with respect to the vertical.
The propagation through the atmosphere can be neglected
because the two images of the interferogram are acquired
simultaneously.

Differentiation of (5) with respect to the interferometric
phase ¢ and without considerations of the nonlinear term yields
the error in height estimate as a function of the error in phase
estimate

o, = %%(w. (6)
For a phase standard deviation of 10°, corresponding to a
coherence of about 0.95 for one radar look, the height standard
deviation is about 4 m at 2-km distance.
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Differentiation of (5) with respect to the baseline B yields the
error in height estimate as a function of the error in the baseline
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An error in the determination of the baseline of 0.1 cm yields a
height error of about 1 m at a distance of 3 km in the case of a
phase change of one fringe (27).

Differentiation of (2) with respect to the baseline angle «
yields the error in height estimate as a function of the error in
the baseline angle

0, = Rosin(f + a)o,. 8)

An error in the estimation of the baseline angle of 0.1° yields in
the case of a constant look angle (6 + «) of 45° a height error
of about 1 m at a distance of 3 km.

Typical expected topographic errors are thus a few meters for
distances up to 2 km, and extremely precise knowledge of the
baseline geometry is required for an absolute height estimation.
It is important to notice that the two types of errors—phase
standard deviation and baseline geometry—are different in
nature [3]. The phase errors increase the statistical variation of
each point of the DEM, while the baseline geometry errors are
systematic in the sense that a sort of tilt across the radar swath
is introduced. The latter can be corrected using knowledge of
the height of a few ground control points.

IV. EXPERIMENT AT THE RHONE GLACIER

An experiment at the Rhone glacier in the Swiss central
Alps was conducted on September 6, 2007. This glacier has
been selected because it can be directly reached from the Furka
pass street and has been already the subject of various studies
[14]. Fig. 1 shows the setup of the instrument over the glacier.
The experiment was principally performed to derive the surface
velocity of the glacier. However, with its dual receiving anten-
nas, the terrestrial radar interferometer also permits creating an
elevation model. A total of ten single-pass interferometric pairs
were measured within about 4 h with an acquisition interval of
one scan on the order of 20 min. The array of antennas was
rotated on the azimuthal axis by 50° in spacing of 0.1° in order
to illuminate both ice-free sides of the glacier. Processing of
the raw radar data to single-look complex images was done up
to a slant-range distance of 2250 m. An incoherent average of
the 20 images (ten from each of the upper and lower antennas)
was done for speckle reduction and is shown in Fig. 3. The
image is displayed in the original radar slant-range—azimuth-
angle coordinates with the average of two looks in slant range.
The border of the glacier and the crevasses are well visible in
the figure.

Single-pass interferograms were computed with two looks in
slant range and one look in azimuth (see one example in Fig. 3).
Only very small differences could be observed between the
ten interferometric pairs. The fringes are very well preserved
over the rocky areas and the steeper part of the glacier up to a
distance of about 1 km, where the coherence is generally higher
than 0.95. For the remote part of the glacier, characterized by a

Fig. 3. (Left) Intensity image and (right) single-pass interferogram of the
Rhone glacier on September 6, 2007, in the original radar geometry.

flatter topography, the coherence is on the order of 0.7-0.8. As
expected, phase decorrelation is observed over areas of shadow.
In order to help unwrap the phase of the interferograms, a
nonlinear filtering was applied [15]. Phase unwrapping was
then performed with a region growing algorithm [16] for points
characterized by coherence values larger than 0.9. In the follow-
ing step, the filtered unwrapped phase was used as a model in
order to unwrap the unfiltered interferograms. An average of all
ten unfiltered and filtered interferograms was applied. Finally,
the unwrapped phase was converted to surface topography
using (2)—(4). A baseline B of 0.25 m and a baseline angle « of
4.1° were determined by using ground control points on rocky
areas extracted from an external DEM and minimizing the
difference between real and reconstructed heights. The ground
control points were also employed to determine the constant
height offset.

Fig. 4 shows the height difference between the GPRI DEM
computed from the average of ten filtered interferograms and
an external DEM derived from aerophotogrammetry (DHM25).
For the Rhone glacier, the contour lines for deriving the ex-
ternal DEM with a spatial resolution of 25 m were updated in
1993, with an estimated vertical accuracy of 3 m. The surface
topography determined by the GPRI only covers a small section
of the Rhone glacier, but massive glacier thinning during the
past 14 years can be observed. Extreme thickness losses of
more than 40 m were measured toward lower elevations. This
is in general accordance to direct mass balance measurements
[14] and glacier elevation changes from DHM25 and the SRTM
DEM [17].

For the ice-free region to the west of the Rhone glacier,
histograms of the height differences between the GPRI and the
external DEMs were computed at distances from about 700 to
1200 m and from about 1300 to 2000 m and are shown in Fig. 5.
By considering the average of ten filtered interferograms, the
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Fig. 4. Height difference between the surface topography of the Rhone glacier
determined from the terrestrial radar interferometer by the average of ten
filtered interferograms and an external DEM. The shaded relief of the external
DEM is used as image background. The thin line represents azimuth scan 130,
where the profile of Fig. 6 has been extracted.
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Fig. 5. Normalized histograms of the height difference between the GPRI and
external DEMs for the ice-free region to the west of the Rhone glacier. The
GPRI DEM was determined by the average of ten filtered interferograms. The
minimum and maximum distances to the sensor were 700 and 1200 m and 1300
and 2000 m, respectively.

height differences are within +10 m, with standard deviations
of 3.4 m at the shorter range and 3.3 m at the larger range. After
the filter and average of multiple interferograms, the error of the
GPRI DEM is not dominated by the phase noise. The reasons
for the difference between the GPRI and the external DEMs
for the ice-free region are as follows: 1) residual uncertainties
in the estimation of the baseline and the baseline angle, e.g.,
visible in the shifted mean of the histograms with respect to
zero; 2) different resolutions of the two DEMs, also considering
the spatial filtering applied to the terrestrial radar data; 3) the
quality of the external DEM, which has an estimated vertical
accuracy of 3 m; and 4) the different viewing geometries of the
two DEMs, with the airborne DEM less appropriate to recon-
struct the topography of relatively steep slopes which are better
illuminated by the GPRI. For a single filtered interferogram,
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Fig. 6. Profiles of the GPRI and DHM25 heights along azimuth line 130 (for
position, see Fig. 4).

on the other hand, the height standard deviations are 4.6 m at
distances from about 700 to 1200 m and 7.5 m at distances
from about 1300 to 2000 m, with an increased error at larger
distances as suggested by (6).

The height profiles for azimuth line 130 (the scan is from left
to right; see Fig. 4) were compared with the profile extracted
along the same direction from the external DEM. Fig. 6 shows
the results for a single unfiltered interferogram and for the
average of all ten filtered interferograms. The profile of the
DHM25 heights was transformed from the horizontal distance
to the distance along the radar line of sight. The retreat of the
glacier from 1993 to 2007 between slant-range distances 250
and 700 m and the topography of the mountain behind the
glacier are very clear in Fig. 6. The average and filter of multiple
acquisitions can efficiently reduce the increased interferometric
phase noise at large distances.

V. EXPERIMENT AT THE GRABENGUFER ROCK GLACIER

The GPRI was employed in August 2009 and March 2010
to measure the topographic change over the destabilized
Grabengufer rock glacier in the Swiss southern Alps. Rock
glaciers are large masses of perennially frozen ground super-
saturated with ice affected by slow deformation and acting as
sediment conveyors [18]. In the Alps, active rock glaciers above
2300 m above sea level are numerous. Their deformation rate
lies typically on the order of 0.1 to 1.0 m/year. In response to the
rapid increase in air temperature that occurred in the European
Alps during the 1980s, permafrost has warmed by about 0.5 °C
to 1 °C, and rock glaciers are moving significantly faster [19].
In the worst cases, the dramatic increase of the activity has
initiated a landslide-like mass wasting phenomenon.

Measurements of the Grabengufer rock glacier were per-
formed for about one day on each of the two observation
periods from a distance of about 1 km. The time interval
between subsequent acquisitions was on the order of 15 min.
The array of antennas was rotated on the azimuthal axis by 40°
in spacing of 0.1°. Single-pass interferograms were computed
with one look in slant range and azimuth. Also in winter
with the area covered by about 1 m of dry snow cover, we
observe very well preserved fringes. Phase unwrapping was
performed with a minimum-cost-flow algorithm after nonlinear
phase filtering [15], [16]. Finally, the unwrapped phases were
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Fig. 7. Contour lines of the height difference measured with the terrestrial
radar interferometer (bold black line) between August 2009 and March 2010
over the Grabengufer rock glacier overlaid onto the shaded relief of the external
DEM. The contour lines of the displacement rates measured in (thin gray line)
August 2009 and (dotted black line) March 2010 are also shown.

converted to surface topography with support of ground control
points extracted from an external DEM. The contour lines of the
height difference between the GPRI measurements of August
2009 and March 2010 are shown in Fig. 7. We can observe
an increase of a maximum of 10 m of the surface topography
from summer to winter at the front of the rock glacier. The
contour lines of the displacement rates measured with the GPRI
are also shown in Fig. 7. In summer, the highest displacement
rate was larger than 40 cm/day. In winter, the rate of movement
decreased to a maximum of 10 cm/day. Large quantities of
loose material are accumulating at the snout of the rock glacier
and will contribute during the melting season to the delivery of
sediments in the underlying slope.

VI. CONCLUSION

We have presented an innovative concept of terrestrial radar
interferometer for topographic reconstruction and its appli-
cation to the measurement and interpretation of geophysical
phenomena like glacier retreat and rock glacier destabilization.
Broad interest of instrument, methods, and analysis presented in
this letter is assured by the recent significant changes observed
for most mountain regions around the world as a consequence
of air temperature increase. In comparison to terrestrial laser
scanners, the GPRI can be employed for a quick topographic
reconstruction with reduced accuracy, along with the monitor-
ing of surface displacement. The GPRI is illuminating the area
of interest from a remote location, avoiding in situ installations
required, for instance, for GPS measurements. Currently, we
are advancing the GPRI prototype system into a new gener-
ation of instruments with a variety of improvements, making
them robust and reliable for field surveys. Significant devel-
opments include greater weather resistance, greater stability
in windy conditions, autonomous operation at temperatures
between —30 °C and 445 °C over long periods, very fast image
acquisition (a few seconds for a 180° scan), improved antenna
design, and a built-in GPS-disciplined oscillator providing tim-

ing and frequency reference so that multiple radars can make
simultaneous measurements.
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