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ABSTRACT

Differential Interferometric Synthetic Aperture Radar (DIn-
SAR) processing techniques applied to ice penetrating radar
enable precise measurement of the vertical displacement of
englacial layers within an ice sheet. This technique has pri-
marily been applied using ground based ice-penetrating radar
due to the ability to achieve a near-zero spatial baseline. We
investigate this technique on data from the Multichannel Co-
herent Radar Depth Sounder (MCoRDS), an airborne ice pen-
etrating radar, and produce initial results from a high accu-
mulation region near Camp Century in northwest Greenland.
We estimate the vertical displacement by compensating for
the spatial baseline using precise trajectory information and
estimates of the cross-track layer slope from direction of ar-
rival analysis. The measurement accuracy is still being inves-
tigated.

Index Terms— Multipass, InNSAR, DInSAR, radar sounder

1. INTRODUCTION

Recent advances in ice penetrating radars and signal process-
ing algorithms provide new and more precise measurements
of the dynamic ice sheets. Improving ice sheet models re-
quires glaciologists to understand and predict these systems
as they evolve through time. In the past two decades, many
ground based ApRES [1] units have been deployed to suc-
cessfully measure the vertical velocity field of ice sheets us-
ing DInSAR [2]. The measurement accuracy is good, in part,
because the unit can be precisely positioned so as to eliminate
the spatial baseline which would otherwise lead to measure-
ment errors due to the imprecisely known direction of arrival.
For airborne data, the spatial baseline is not zero and this leads
to increased displacement measurement errors.

The scattering sources for these DInNSAR measurements
are quasi-specular near-horizontal englacial layers through-
out the ice column. See Figure 1 for an example of an inter-
nal layer and propagation rays, r, and r;, to a particular layer.
Because of the near-horizontal slope, the direction of arrival
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1 - Master pass

2—Slave pass

Fig. 1: Multipass geometry

of the layer scattering, 6;, comes from near nadir. The lay-
ers slowly thin or thicken over time causing the time delay to
the layer to change. By measuring the phase difference be-
tween two radar passes taken at different times and using the
propagation speed in ice, the average vertical velocity of the
reflector can be precisely estimated.

The interferometric phase is derived in Equation (1) based
on the cross-track geometry shown in Figure 1. The deriva-
tion assumes a zero along-track, x-dimension, slope and
exact positioning in along-track between the two passes.
Also, without loss of generality we assume the ice surface
is flat since we can always transform into a coordinate sys-
tem that makes the surface flat. Let B be the baseline vector
between the passes, k, be the wavenumber in air, k; be the
wavenumber in ice, 6, be the Direction of Arrival (DoA) of
the signal in air, §; be the DoA within the ice which is also
equal to the cross-track slope of the internal layer. The phase
change, A¢,, between the two passes within air is given
by: Ady = —kq(rg —Te2) = —kq (Ar,), and for ice, we
obtain a complementary result: A¢; = —k; (Ar;), where
Ar, = B,/ cos(0,) and Ar; = (B, tan(0,) + By)sin(0;).
With some algebraic manipulation, the interferometric phase,
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¢, simplifies to:

¢ = 7ka [Bz COS(GG) - By Sin(ea)] ) (1)
where B, and B, are the z and y coefficients of B respec-
tively.

A first order approximation to this function can be found
using a small angle approximation for 6,. This leads to the
following simplified form that is used to produce the results
in this paper:

S

¢

In regular side looking DInSAR, the image coregistration
isolates the target in space: when coregistered pixels from two
different images are compared, they correspond to the same
target position. In the sounder geometry with specular layers
where the propagation vector is normal to the surface, coreg-
istration does not isolate the same target; the measured target
is always the part of the surface which is normal to the range
vector as shown in Figure 1. Therefore, if there is a spatial
baseline, the effective scattering phase center will be shifted
so that it lies at the point on the surface which is normal to
the range vector. If the layer is sloped, this shift will cause a
change in the two way travel time which must be compensated
for to measure the vertical velocity. Since the layer slopes do
change slowly with depth, this will result in a vertical velocity
error which is depth dependent. Ice sheets also have a depth
dependent horizontal velocity which will manifest as a depth
dependent baseline error from a Lagrangian point of view.

We focus on evaluating DInSAR for airborne platforms
and investigate its use on airborne data from the MCoRDS de-
veloped by the Center for the Remote Sensing of Ice Sheets
(CReSIS) [3]. MCoRDS is a multichannel radar which has
15 cross-track antenna elements which are used for array pro-
cessing. The advantage of airborne data is that a much wider
area can be covered. In the subsequent section we describe
a DInSAR processing algorithm that uses data collected from
repeated passes. Following this description, we present re-
sults of combined repeated pass images with varying time in-
tervals between images. Finally, we make some concluding
remarks about the current status of the work.

—kq (Bysin(b,) — B.) 2)

2. METHODOLOGY

The DInSAR algorithm follows these steps: 1. coregister the
Sythetic Aperture Radar (SAR) images from each channel of
MCoRDS and from each pass using cross-correlation and mo-
tion compensation assuming zero slope layers, 2. direction
of arrival estimation using the array of coregistered images
to estimate cross-track slope phase contributions, and finally
3. apply phase corrections for motion compensation using
the estimated cross-track slope and estimated GPS position
errors. The motion compensation and cross-track slope com-
pensation are the primary differences in this work compared
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Fig. 2: a) NASA OIB flight line near Camp Century in Green-
land. b)-d) Interferograms as phase compensation pro-
gresses.

to previous ground based work. Each of these steps are de-
scribed in detail in the following paragraphs.

To track phase compensation progress through the algo-
rithm, three interferograms have been generated at differing
levels of compensation as the data progresses through the
multipass algorithm. All available MCoRDS channels are av-
eraged for each pass before forming the interferogram. The
flight line is highlighted in red in Figure 2a. Combining with
no compensation is referred to as the “raw combination”. For
the following images we selected two frames collected on the
same day. Because of this we expect that the compensation
should be able to align the images perfectly resulting in zero
phase difference between the images apart for measurement
error. We begin the algorithm analysis with the raw combina-
tion shown in Figure 2b. In this figure we see a small amount
correlation between the phases of the two images and sub-
stantial phase wrapping where there is coherence.

The first step of compensation is coregistering the images
onto a master image so that the pixels align. The first of
coregistration projects each image onto the master image us-
ing the trajectory information followed by interpolation onto
the master image pixel locations. After along-track resam-
pling, a time-delay is applied in the frequency-domain to the
slave data to compensate for the difference in elevation be-
tween flights. These coregistration steps mitigate the ele-
vation and along-track offsets, but work on the assumption
that the layers are perfectly horizontal and the flight paths are
level. Figure 2c shows the effects of these motion compen-

Authorized licensed use limited to: University of Kansas Libraries. Downloaded on June 23,2021 at 16:26:58 UTC from IEEE Xplore. Restrictions apply.



2011 to 2014 Absolute Baselines

—2014 Elements
—2011 Elements

0 2014 Same qu Absolute Baselines .
—2014 Master Pass
—2014 Second Pass

o
=]

w
=)

40

N
S

w
=)

N
o

-
5]

Baseline to Reference Element (m)
Baseline to Reference Element (m)

o

0 2 4 6 8

Along Track (km)

(b) 2011 Baseline

2013 to 2014 Absolute Baselines

10 12

Along Track (km)

(a) 2014 Baseline

2012 to 2014 Absolute Baselines

o
=]
=]

—2014 Elements
—2012 Elements
\

—2014 Elements

Nents

2

6
5

v
o

0

N
=)
N

0

w
S
w

0

~
)
N

0

-
5]

10

Baseline to Reference Element (m)
Baseline to Reference Element (m)

o
o

0 2 8

m)

10 12

o

10 12

4 6 4 6 8
Along Track (ki Along Track (km)

(c) 2012 Baseline (d) 2013 Baseline
Fig. 3: Baselines across combined frames

sation steps where there is now significantly less phase wrap-
ping and more coherence than in Figure 2b.

Once the motion compensation is complete, the images
are combined using the Multiple Signal Classification (MU-
SIC) array processing method. Array processing combines
the images together to estimate the DoA of the returned sig-
nal. DoA estimation is vital for the final step: cross-track
slope compensation. The DoA is found by finding the peak
in the MUSIC spectrum, culling low amplitude peaks, and
spatially averaging the remaining peaks under the assumption
that cross-track slope is slowly varying in depth and along-
track. For the example imagery shown which uses two passes
with MCoRDS for a total of 30 images (15 images per pass),
we found cross-track slopes were between zero and one de-
gree with an estimated accuracy of approximately +0.05 deg
based on the width of the MUSIC peak.

The process of cross-track slope compensation follows the
above steps, but applies a phase correction after motion com-
pensation and before array processing that is based on the es-
timated cross-track slope. The phase correction is related to
the slope by Equation (2). We next correct for GPS eleva-
tion errors between the two passes. This is compensated for
by using a 2D window of pixels in the interferogram to esti-
mate the phase at a particular depth for each range line and
then shifting the phase of the whole range line by the nega-
tion of this phase. The resulting interferogram is shown in
Figure 2d. There are still a few non-zero trends in the inter-
ferogram which we are investigating, but the near-zero phase
result suggests that the compensation steps are successful.
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3. RESULTS AND DISCUSSION

This section presents preliminary results using the algorithm
described above. Passes are combined with a time separation
of the same day, one year, two years, and three years. The
master pass for all results is the example frame from the pre-
vious section which was taken in 2014. Each pass produces
an image from each of the 15 antenna elements: 4 on the left
wing, 7 on the fuselage, and 4 on the right wing. In 2013 only
the 7 fuselage elements were installed to save costs. The plots
presented in this section show the baseline between each pass
and the master pass, the interferograms, and the interferogram
coherence. The last plot shows estimated vertical strain rates
based on the phase ramp within the interferograms.

The first plots shown in Figure 3 are the baselines to give
an idea of the amount of separation between flights. The base-
lines vary from a maximum of 0 m to about 60 m. These
plots show the absolute baseline length including horizontal
and elevation offsets. (After co-registration the along-track is
assumed to be zero.) The horizontal offset is generally <10 m
and most of the baseline is due to elevation offsets. Elevation
offsets produce a smaller effect on the interferometric phase
error from cross-track slopes.

Figure 4 shows the interferometric phase for each pair
of passes. The interferometric phase is computed as ¢ =
Dstave — Pmaster- All 15 (7 in 2013) images from each
pass are averaged before forming the interferometric phase
between the passes. As the time separation decreases, the
phase wrapping reduces since the phase wrapping represents
the integration of the vertical strain rate of the ice sheet over
time. The longer the integration, the greater the accumulation
displacement will be. Due to the ice physics at this location,
the layers at the top of the image are moving away from the
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radar faster than the layers at the bottom. (The layer dis-
placement reduces to zero at the base of the ice several 100
meters below where this image cuts off.) Therefore, as we
travel back in time, the layers at the top of the image would
have been closer and closer to the radar and this is the cause
of the increasing positive phase toward the top of the image.
The opposite is true toward the bottom of the images. The
coherence for each interferogram is shown in Figure 5. The
phase and coherence are estimated using an 9 by 45 boxcar
window.

Estimating the vertical strain rate or change in velocity
with depth is done by estimating the slope of the phase ramp
present within the interferogram images. At this location, the
vertical strain rate is expected to be greatest at the surface and
decrease in rate until it approaches zero at the bedrock. These
interferograms are taken in the middle of the ice and we as-
sume the strain rate is constant with depth (although it should
have a slowly decreasing trend). Figure 6 shows the strain rate
calculated for the one year, two year, and three year interfer-
ograms and using the entire time gate of each interferogram
to estimate the phase ramp. The phase ramp is estimated us-
ing an oversampled FFT of the interferogram. The measured
phase ramp is then converted to a physical length, divided by
the depth range over which the FFT was taken (to give the
change in displacement as a function of depth), and finally di-
vided by the time difference to give the strain rate. Since we
expect the strain rate to be uniform with time and only slowly
varying over space in this region, the 2013-2014 results ap-
pear to be lower quality on the left side of the image since
they are inconsistent with the other passes.

825

o %1074 : Depth Change Across‘Years :

) ANy

~_ XY

Depth change by Depth (m-m~t.a™})

|
=3

——2013 to 2014
——2012t0 2014
2011 to 2014

0 2 4 6 8 10 12
Along Track (km)

Fig. 6: Depth change depth estimates

!
©

4. CONCLUSIONS

Although not all of the interferometric phase is compensated
for in the same day interferogram pass, the majority is ac-
counted for indicating that airborne DInSAR is possible with
MCoRDS data. The strain rate measurements are consistent
except for the 2013 pass which shows a large error for a por-
tion of the flight line. We plan to apply the algorithm to ad-
ditional flights from the decade long NASA Operation Ice-
Bridge mission which flew MCoRDS on many repeat passes.
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