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Executive Summary  

This is the final report of the 3-year, NASA Instrument Incubator Project called the Global Ice 
Sheet Mapping Observatory project (GISMO).  Here we summarize tests of a radar-system 
used to measure the spatial reflectivity and the 3-dimensional surface and basal topography of 
terrestrial ice sheets and to determine the physical properties of the glacier bed.  We con-
structed a radar system that operated at 150 and 450 MHz.  We used radar data collected over 
the Greenland Ice Sheet to evaluated three approaches to overcoming the primary challenge 
of eliminating radar clutter that obscures the return from the base of the ice sheet.  In particu-
lar, we assessed the effectiveness of:  interferogram filtering; radar tomography; and multi-
aperture antenna array processing.  We conducted experiments during May 2006 over north-
western Greenland using a 150 MHz radar operated from a Twin Otter aircraft.  We conducted 
more extensive experiments in September 2007 over northern and central Greenland when we 
operated 150 and 450 MHz radars installed on the NASA P-3 aircraft.  We concluded with a 
short experiment in July 2008 using twelve antenna elements installed on a Twin Otter air-
craft.  We found that the innovative interferogram filtering technique successfully separated 
left and right ambiguous signals from the ice sheet base from which we were able for the first 
time to construct topography from data simultaneously collected from the left and right sides 
of the aircraft.  We found that generally, the interferogram spectral components related to the 
surface and basal returns were not separable so we were unsuccessful in using that approach 
to eliminate clutter from the surface.  For nadir returns, array processing was the most suc-
cessful at removing surface clutter and worked well at low and high altitudes over some of the 
most complex glacial regimes in Greenland.  Because we use all antenna elements for beam 
steering, we can only use this approach at present to obtain nadir measurements of ice thick-
ness.  We found that radar tomography yielded good left and right looking maps of both topo-
graphy and reflectivity.  By initializing the calculation using nadir ice thickness estimated 
from data pre-processed with a beam-forming, clutter-rejection technique, we found that we 
could use tomography to obtain basal topographies at both high and low elevation.  We devel-
oped a new technique called Squinted Unfocused SAR Interferometry to enhance signal to 
noise ratios and to estimate interface properties such as local slopes and to identify regions of 
possible basal water.  Based on our experiments, we conclude that future airborne implemen-
tations can be optimized using a 150 MHz radar configured to process data using a hybrid 
tomography – multi-aperture array approach.  Interferogram filtering may still be a good solu-
tion for the interior ice sheet and for an orbital implementation where a narrow beam can be 
used to limit off-nadir clutter whilst yielding a wide swath. Based on favorable simulations of 
distortion due to Faraday rotation through the ionosphere, we would still recommend conduct-
ing an experiment to test the GISMO concept from orbit in a repeat-pass mode, were a suit-
able system to be flown (e.g. ESA’s Biomass mission).  
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1.0  Introduction 

The Global Ice Sheet Mapping Observatory (GISMO) is a concept for an airborne or space-
borne radar system designed to measure the surface and basal topography of terrestrial ice 
sheets and to determine the physical properties of the glacier bed.  Our primary objective is to 
develop this new technology for obtaining continental scale estimates of the mass of the polar 
ice sheets with an ultimate goal of providing essential information to modellers estimating the 
mass balance of the polar ice sheets and estimating the response of ice sheets to changing 
climate.  Our technology concept employs VHF and UHF-band interferometric radars.  We 
overcome the confounding effects of surface clutter and left/right ambiguities by processing 
the synthetic aperture radar data using different clutter rejection algorithms.  The algorithms 
include array processing, tomography and a novel approach based on interferogram filtering.  
We use the results to measure the surface and bottom topographies of polar ice sheets.  A 
combined approach enables us to reduce signal contamination from surface clutter, measure 
the topography of the glacier bed, and paint a picture of variations in bed characteristics.  
Through the concept developed here, we demonstrate that, for the first time, we can image the 
base and map the 3-dimenional basal topography beneath an ice sheet at up to 3 km depth.  
Our long range science goals are to perform pole-to-pole measurements of glacier and ice 
sheet thickness, basal topography, and physical properties of the glacier bed that will help to 
answer three fundamental questions:  What is the impact of changing ice sheets on global sea 
level rise?;  Can we predict changes in ice sheet volume and hence changes in global sea level 
as global climate changes?;  Can scientific and technical lessons learned about Earth’s ice 
cover be carried over to solving problems about icy bodies in the outer solar system? 

2.0  Objectives 

We had three technical objectives.  The first was to investigate and evaluate clutter rejection 
algorithms that can be used to enhance the detectability of radar echoes from the base of the 
ice sheet.  The problem here is three-fold.  First, scattering from off-nadir surface targets such 
as crevasses can result in obscuring clutter.  Second, volume scattering from inhomogeneities 
can cause clutter and signal decorrelation.  Finally, ambiguous returns arriving simultaneously 
from patches located on the left and right sides of wide beam antennas is a form of clutter 
(Figure 1).   

Figure 1.  Illustration of how different sources of clutter mask the desired bed echo. 
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Given the ability to discriminate a basal return, our second objective was to develop methods 
for 3-d mapping of bottom topography and basal reflectivity.  Swath mapping of topography 
and reflectivity represent a substantial advance for studying glacier flow and the basal bound-
ary condition 
 
Our last objectives were to build and test radars operating a 150 and 450 MHz and use the ra-
dars to collect data for verification of theory.  450 MHz was chosen to optimize the space-
borne configuration wherein there is propagation through the ionosphere and to maximize the 
strength of off nadir signals.  150 MHz was chosen as a secondary frequency to be used to 
evaluate ionospheric distortion on the 450 MHz data and because there is considerable sur-
face and airborne experience with 150 MHz systems. 
 
In terms of TRL levels, project objectives are listed in the following table.  For reference, 
these appear unchanged from those presented in the original proposal.  However, it would 
now be better to eliminate the IFSAR descriptor from each category as in fact we have tested 
a much broader suite of algorithms.  The original success criteria remain but can be expanded 
to include more topics.  We have made this change in the TRL criteria included in section 5. 
 
  
Item  Entry 

TRL  
Justification  Exit 

TRL  
Success Criterion  

IFSAR 
processing 
under ice  

3  IFSAR processing has only 
been demonstrated for land 
surfaces. Imaging under ice 
requires new techniques to 
account for ray bending and 
ice surface.  

5  Successfully image basal 
layer from data collected in 
deployments (low altitude 
flights)  

IFSAR 
clutter re-
jection  

3  Extends angle of arrival 
techniques to develop a new 
technique for clutter rejec-
tion.  

5  Successfully reject clutter 
from high altitude flights: 
results agree with sounder 
low altitude flights  

Ionospheric 
effects  

3  Calibration techniques exist 
for data far from nadir. They 
will be extended to near-
nadir polar data.  

5  Simulation and theoretical 
results to validate calibra-
tion technique  

 

3.0  Clutter Rejection Algorithms 

We investigated three, clutter rejection concepts.  We were originally stimulated and continu-
ally guided by an innovative approach proposed by JPL.  Here, surface clutter and basal sig-
nals can be separated using the spectral properties of interferograms formed using multiple 
receiving antennas.  Adopting a recommendation from Vexcel Corporation, we also investi-
gated radar tomography which is a technique used in other imaging applications but was so 
far not applied to our glaciological problem.  Finally, we relied on the multiple antenna radar 
design implemented by the University of Kansas to perform array processing experiments 
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wherein we essentially place nulls in the antenna pattern coinciding with the angles associated 
with the source of contaminating surface clutter.  Our goal was to evaluate the performance of 
these techniques over different glacial regimes and using different radar configurations.  We 
sought to assess performance in terms of the ability to isolate the basal return in regions of 
decreasing signal to clutter ratios, in locations where the bottom echo was weak because of 
strong absorption or weak backscatter, quality of the derived topography and reflectivity, and 
the usable swath width.  Because we envision a possible spaceborne implementation of our 
approach, we also considered complications associated with ionospheric distortions.  This last 
consideration was part of the reason we proposed to develop a two-frequency radar system. 

3.1  Interferogram Filtering 

We investigated a novel interferometric system concept potentially capable of overcoming the 
surface clutter problems and enabling two-dimensional swath mapping of the polar regions in 
a short duration mission [1].  These attributes lead to significant gains in science capability 
over current approaches.  
 
The basis for the approach is illustrated in the Figure 2.  Clutter coming from the surface (xs) 
and from the base (xb) arrives at the same time.  In traditional interferometry only the phase 
of the interferogram at that range point is used in the calculation.  Hence the basal signal can-
not be point wise separated from the surface clutter.  However, inspection of the figure shows 
that the rate of phase change across the swath is different for the surface and basal return.  
Hence band pass filtering of the entire interferogram does accomplish the separation. 
 

Figure 2.  Geometry for separating returns from the surface and base of the ice sheet when 
signals from each interface arrive at the same range point. 
 
In more detail, the interferogram containing both surface and basal terms is given as 
 

sb ii eeI ΦΦ += βα  
 
 
 
The surface interferometric phase difference is 
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θkBs 2≈Φ  
 
And the base is 
 

12 θkBb ≈Φ  
 
The surface interferogram slope as a function of range (xs) is 
 

 
And again for the base 
 

 
The differences in the phase slope then can be used to design the filtering scheme for remov-
ing the surface clutter. 
 
3.1.1  Left Right Separation 
 
In addition to surface clutter, signals from either side of the aircraft whether from the base or 
the surface (left/right ambiguities) also confound extraction of the basal return at a point.  The 
interferogram technique provides a unique solution to this clutter source (which we believe 
was implemented by our team for the first time).   
 

 
Figure 3.  Illustration of left-right signal contamination geometry 
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The range difference is 
 
 
 
Forming the interferogram from each side of the array, we have 
 
 
 
 
Where  
 
 
 
 
 
 
 
 
The sign of the exponentials in the interferogram is different allowing separation of the 
left/right signals via a band pass filter. 

3.1.2  Inverting for Ice Thickness 

Once the interferogram has been filtered for the surface and left right ambiguities, the next 
step is to use the point phase information to compute the basal topography.  Techniques for 
two half spaces are well known.  In our case, we have a refracting layer (ice) separating the 
air from the ground.  Consequently we must include this refraction effect in our SAR 
processing scheme (to update the Doppler along track compression) and to compute the ice 
thickness.  The approach is relatively straightforward but algebraically complex.  We have de-
rived a complete solution and also an approximation for high altitude observations [1]. 

3.1.3  Simulations 

We began by doing a simulation of the spaceborne geometry [2].  We adopted a conceptual 
system consisting of a synthetic aperture radar interferometer (InSAR) operating at P-band 
using a 45 m interferometric baseline.  We restrict data collection to near nadir incidence an-
gles leading to a 50-km swath that starts at a cross-track distance of 10 km from the nadir 
track. 
 
An off-nadir swath requires an interferometric radar to estimate height. The height accuracy 
that can be achieved with an interferometer depends on the signal-to-noise (SNR) and signal-
to-clutter (SCR) ratios, the number of radar looks, and the interferometric baseline.  Modify-
ing the equations in [2] to include ray bending and the presence of a second surface that gen-
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erates clutter contamination, we show that expected retrieved height accuracies better than 10 
m for signal to clutter ratios of -10 dB and signal to noise ratios of -5 dB for 50 km wide 
swaths.    
 
To investigate the interferometric technique under more complex situations, we did a phase 
history simulation based on these system parameters:  430MHz center frequency; 6 MHz 
bandwidth; 20 usec pulse width; platform height of 600 km; baseline of 45 m; PRF of 2000 
Hz.  For the scene, we selected a region in Greenland where both surface and base digital ele-
vation models (DEMs) are available from the National Snow and Ice Data Center. The ice 
mass is assumed to lie on rock with a permittivity of 9.  A permittivity of 3.24 is used for the 
ice.  A two-layer scene model is adopted, which means that the scattering characteristics 
within the ice mass and within the base beneath the ice mass is uniform and there are only 
two boundaries with permittivity discontinuities.  The attenuation within the ice mass is as-
sumed to be 9 dB per one kilometer.  The thickness of the ice mass varies from about 2000 to 
2540 meters.  The scene averaged ice thickness is about 2270.  The right-looking sensor was 
assumed to fly on an ascending orbit from south to north with an orbit inclination angle of 85 
degrees. 
 
Figure 4 shows the filtered interferogram, which results mainly from the basal signal and so 
can be used to derive the basal topography and the ice thickness 

 
 
Figure 4.  Band-pass filtered interferogram derived.  It mainly represents the basal interfero-
gram contribution, which can be used to derive basal topography and the ice thickness. 
 
Figure 5 shows errors in the derived ice thickness map.  The central part of the simulation 
area shows 0 to 20 m errors.  The right-center areas show the largest errors, which are caused 
by the limitations in our band-pass filter and phase unwrapping schemes.  The problems arise 
in this region from the fact that there is only minimal separation between the surface and 
basal topography spectra.  This effect is expected from purely geometrical arguments, since as 
the incidence angle increases, the incidence angle for the surface and subsurface approach 
each other, and the fringe rates of the clutter and subsurface cannot be differentiated.  This 
limitation restricts the swaths that can be achieved from space to be smaller than about 50 km.  
In practice, this is a small restriction, since complete polar coverage at 60 degrees latitude, 
can be achieved with fewer than 200 orbits leading to complete polar coverage approximately 
every 16 days. Additional artefacts are visible on the left side of Figure 5.  These roughly ver-
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tically stripped patterns are caused by the particular frequency-domain band-pass filter used 
in this study.   
 

 
Figure 5.  Ice Thickness Errors. 
 
We used the simulations to help design our airborne experiments.  We conducted several scal-
ing calculations to establish experiment settings.  These are described in detail on the GISMO 
web site (http://bprc.osu.edu/rsl/gismo/). 

3.2  Multi-Aperture Beam Formation 

Both along track and across track clutter obscures the basal return.  To address the surface 
clutter issue in the along-track direction we have used a synthetic aperture radar (SAR) 
process.  Azimuth compression limits the range of along track angles through which clutter 
can be added to the signal.  The effect of cross-track clutter is addressed by the implementa-
tion of digital-beam forming techniques. In normal operation mode, we collect statistically 
independent data across the antenna elements distributed in the direction perpendicular to the 
flight path. Therefore, it is possible to synthesize a specific cross-track antenna pattern by 
placing nulls at given incident angles, from where surface clutter returns originate. The spe-
cific angles of the nulls are estimated based on the surface profile, flight trajectory, and bed 
topography. The actual pattern is then generated for each range bin by applying a set of 
weighting factors to the collected data.  The situation is illustrated in Figure 6 which plots the 
view angle for signals arriving from the base against the angle at which surface clutter will ar-
rive coincident with the basal return.  The large angular difference between the signals facili-
tates application of the beam forming technique. 
 
As a first approximation, we are determining the weighting factors by means of antenna-array 
theory and mutual coupling data that were obtained in flight using a network analyzer. Our re-
sults show that we can reduce surface clutter, particularly in densely crevassed regions, by 
about 20 dB.     
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Figure 6.  Arrival angle of basal echo plotted against arrival angle of clutter coincident with 
the basal return.  The ice thickness is 2000 m.  The curves are parameterized by aircraft height 
starting at 1000 m (uppermost curve) and incrementing by 1000 m intervals. 

3.3  Radar Tomography 

Much like multi-aperture beam formation, tomography relies on an antenna array to localize 
the position of the echo source.  Unlike the beam forming method described above where 
phase adjustments are applied to null the antenna pattern in the direction of clutter, radar to-
mography solves a system of equations over a range of viewing angles.  And unlike radar in-
terferometry, radar tomography relies on the absolute phase measured by each receiving an-
tenna.  The tomography geometry is illustrated below.   
 

 
 
Figure 7.  Tomographic geometry for multiple antenna elements. 
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The tomographic matrices are given below.  The measured signal at each of p receivers is giv-
en by x (the left matrix).  The phases of echoes from individual points at a constant range (d) 
from the antenna element are represented by the first matrix on the right.  Successive depths 
are represented by each row in the matrix and successive angles by each column.  In our case 
we assume 4 echoes – 1 each from the left and right sides of the aircraft and from the surface 
and base.  The echo strength of each of q sources is given by s.  Finally, n is a noise vector.  
The measured data are inverted to solve for s and arrival angle ranging over both the left and 
right sides of the flight path. 

 

4.0  Radar Instrument 

We developed radars for operation at 150 MHz with a bandwidth of 20 MHz and 450 MHz 
with a bandwidth of 30 MHz with multiple receivers for sounding and imaging polar ice 
sheets [5]. The system presently consists of up to eight receivers used to collect and digitize 
signals from each element of an antenna array. The antennas consisted of two four to ten ele-
ment dipole-arrays mounted under each wing of the aircraft. One or more elements could be 
used to construct a transmit antenna array.  We operated the radar both in sounder (multiple 
transmit elements) and imager mode, and collected data over several flight lines over the 
Greenland ice sheet. We also collected data over the smooth ocean surface to calibrate the 
system and determine antenna pattern.  The system specifications are detailed in the table. 
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Here, Band 1 refers to sounder mode.  In Band 2, the transmit power is 400W at 150 MHz.  
The transmit power is 800 W at 450 MHz in GISMO ping pong mode. 

4.1  RF Section and Digital System 

The radio frequency (RF) section of the system is composed of a two-way high-power trans-
mitter and up to eight independent receiver channels. The transmitter generates a chirp signal 
of 3-us to 10-us duration using an arbitrary waveform generator (AWG) in combination with a 
frequency up-conversion stage. The latter up-converts the baseband signal generated by the 
AWG to higher frequencies centered at the carrier frequency of interest (either 150 MHz or 
450 MHz). The up-converted signal is then amplified by high-power amplifier modules. The 
peak transmit power at 450 MHz is 1.6 kW over a 30-MHz bandwidth and 800 W over a 20-
MHz bandwidth at 150 MHz. Each-receiver channel has a gain of about 72 dB and a meas-
ured noise figure of 3 dB. The receivers are designed such that the gain can be adjusted over a 
60-dB range. The amplified signal from each receiver is bandpass filtered and digitized with a 
12-bit analog to- digital (A/D) converter operating in under-sampling mode. The digitized da-
ta are stored on large-capacity hard discs controlled by a dedicated computer running a graph-
ical user interface (GUI). The digitized data from each channel are pulse compressed to pro-
vide real-time display of return as a function of range to check data quality.  

4.2 Antennas 

We use half-wavelength dipole arrays as radiating structures.  Each array is mounted below 
one wing of the aircraft. The array-element spacing is about 1 m, which is close to 1/2 λ at 
150 MHz and 1.5λ at 450 MHz, with λ being the free-space wavelength at the frequency un-
der consideration.  Figure 9 shows a picture of the antennas as installed on the NASA P-3B 
aircraft. Figure 9 also shows one half of the twelve element array mounted on the Twin Otter 
in 2008.  When used with multiple transmit antennas, the transmit-array uses an antenna-feed-
network with Dolph-Chebyshev weighting designed to obtain low (<30 dB) sidelobes at 60 to 
80 degrees incidence. The feed network is designed to accurately match the amplitude and 
phase balance between individual elements in the transmit array. The signals from each of the 
receive elements are digitized using separate channels.  In the interferometric mode, we use 
the inboard elements of the antenna arrays for transmission on alternating pulses (ping-pong 
mode) and likewise digitize the received signals from the remaining elements.  
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Figure 9.  Antenna elements beneath the Twin Otter (left) and the P-3 (right).  Elements on the 
P-3 were adjustable to allow operation at 150 and 450 MHz. 

4.3  Radar Block Diagram 

Figure 10 is a block diagram of the dual-band multichannel radar system we have developed. 
The system can operate sequentially at 150 MHz and 450 MHz.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
Figure 10.  Radar Block Diagram 
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4.4   Range Sidelobe Reduction  

To eliminate Fresnel ripples and obtain low range sidelobes we have implemented a signal 
pre-distortion scheme for the transmit waveform. This technique allows compensation for the 
transfer function of the transmitter/receiver system, including non-linearities in the power 
amplifiers. Aside from a couple of nearby lobes, all the other compression time sidelobes are 
below -70 dB. Similar results are obtained at 450 MHz, where the recorded sidelobe level is 
60 dB below the main peak [5]. 

4.5  Data Collection and Radar Calibration  

We collected data over the Greenland ice sheet, flying at altitudes as low as 500 m above the 
ice surface and as high as 6.7 km above sea level. The system was operated in both interfero-
metric and depth sounder modes at 150 MHz and 450 MHz. To calibrate the system and ob-
tain the radiation pattern of the antenna arrays, we collected data over the smooth ocean sur-
face. This test also allowed us to validate the effectiveness of our pre-distortion technique for 
range sidelobe reduction. We also characterized the system using a delay line and network 
analyzer (Figure 11). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11.  Radar calibration: delay line, network analyzer.  Network analyzer and delay line 
measurements in good agreement 6-16 deg at 150 MHz.  0.4 -34 deg at 450 MHz 

5.0  Greenland Field Experiments 

We conducted preliminary, 150 MHz experiments using a Twin Otter aircraft in May 2006.  
Our most extensive measurements were conducted in September 2007 with two radars operat-
ing sequentially at 150 and 450 MHz.  Only one frequency could be used during a flight.  We 
conducted a final, short experiment at 150 MHz in July 2008. Eight half wave dipoles were 
mounted beneath each wing of the Twin Otter in 2006.  Twelve were used in 2008.  Ten, half 
wave dipole antennas were mounted beneath the wings of the NASA P-3.  In 2007, the di-
poles were manually tuned to the resonance frequency by adding or removing a metal exten-
sion.  In the ping-pong configurations, the two inboard antennas were alternately used to 
transmit and the outboard antennas were used to receive signals.  In the P-3 bistatic mode, 4-
transmitting elements were driven with two power amplifiers.  4-elements on the opposite 
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side of the aircraft were used to receive signals.  During 2007, we transmitted 3 and 10 us 
chirps with bandwidths of 20 and 30 MHz for the 150 and 450 MHz radars respectively.  Both 
aircraft were equipped with global positioning systems and inertial navigation systems to pro-
vide detailed motion data.   
 
The unpressurized Twin otter operated at a maximum altitude of about 4000 m above sea 
level.  The P-3 aircraft was flown at altitudes as high as 6770 m above the ellipsoid and as 
low as 500 m above the ice sheet surface.  Flight lines are shown in Figure 12.  The most 
northerly 2007 flight line (thin red line in Figure 12) was designed to capture surface clutter 
conditions across outlet glaciers discharging into the Arctic Ocean, down the length of the 
floating portion of Peterman glacier, and to cross the dry snow zone including an over flight 
of the proposed NEEM deep drilling site. Measurements were also made along a ‘race-track’ 
where successive ovals of the race-track were displaced by 25 m.  These race-track data were 
intended for radar tomography. 
 
 

 
Figure 12.  Flights completed during September 2007 to test the GISMO concept.  The yellow 
line in the upper third of the map intercepts the North East Ice Stream on the eastern side (ap-
proximately 75.7o N latitude, 36o W longitude).  It also follows the short path of our May 
2006 experiment (thick red line).  Flights completed during 2008 are shown on the right. 
 
The second northerly leg (yellow in Figure 12) again intercepted the dry snow zone and 
passed over the NGRIP deep drilling site.  The eastern portion of the flight repeatedly crossed 
the North East Ice Stream which is suspected of being underlain in parts by water.  We ac-
quired data down the Harold Moltke Glacier located near Thule on the return portion of the 



14 
 

flight.  As the experiment unfolded, we decided to concentrate several flights over the North 
East Ice Stream as it provided good baseline data.  We over flew this segment 4 times.  We 
first operated at high altitude, at 450 MHz and in ping-pong mode.  We next operated at lower 
altitudes in bistatic mode (4 transmitting and 4 receiving antennas).  We then operated at 150 
MHz in ping pong mode at high elevation.  Finally we flew the line outbound at 150 MHz in 
ping pong mode and then configured the radar for the inbound leg in bistatic mode.  The dif-
ferent combinations allowed us to look at clutter problems using different frequencies, differ-
ent operating altitudes and different transmit and receive configurations.   
 
Additional lines were flown to collect data over other glacier regimes in central and southern 
Greenland where clutter issues are compounded by significant crevasses and/or substantial 
surface melt and refreezing of the upper firn layers.  The long orange line in Figure 1 parallels 
the ice margin intercepting several outlet glaciers before continuing along and across the 
heavily fractured surface of Jacobshavn Glacier.  The green line proceeds along several strain 
rate clusters first installed by Ian Whillans of The Ohio State University in 1980.  Surface ele-
vation and bottom topography data were acquired in 1981 and surface elevation measure-
ments were made along these lines as recently as 2004.  The wealth of historical data makes 
the clusters a good site for assessing our system performance. 
 
Flight lines in 2008 were selected to parallel the Jacobshavn Glacier (Figure 12).  Thickness 
increases from a few hundred meters to about 2000 m along the flight line, which was desira-
ble for testing clutter rejection algorithms.  Cross profiles were flown for topography valida-
tion. 

5.1  Signal Strength Observations 

Figures 13, 14 and 15 show range compressed intensity modulated displays of 150 and 450 
MHz data collected across the North East Ice Stream where the ice is about 2600 m thick.  
Only a single receiving channel is displayed.   

Figure 13.  Section of 150 MHz data across the North East Ice Stream in 2007.  Sensor was 
operated in ping-pong mode and flown at 500 m above the ice sheet surface.  The pulse length 
is 3 us.  The relative intensity is in dB.  Interference signals appear as vertical dashes. 
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Figure 14.  Section of 450 MHz data across the North East Ice Stream.  Sensor was operated 
in bistatic mode.  Data from 4 transmitting elements and one receiving element are used here.  
The sensor flew at 500 m above the ice sheet surface.  The pulse length is 3 us.  The relative 
intensity is in dB. 

 
Figure 15.  Section of 150 MHz data across the North East Ice Stream.  The sensor was flown 
about 4200 m above the ice sheet surface. 
 
 
Each along track record consists of 32 presummed waveforms.  At 500 m above the ice sheet 
surface, there is minimal surface clutter and a strong basal echo at 150 MHz (Figure 13) and a 
weaker echo at 450 MHz (Figure 14).  Distinct internal reflecting layers evident in the 150 
MHz low elevation data are absent in the 450 MHz data as well as the 150 MHz high eleva-
tion data (Figure 15). 
 
Figure 15 shows the same section using the 150 MHz radar but flown at an altitude of 6770 m 
above the ellipsoid (about 4200 m above the ice sheet surface).  Notice the increase in sur-
face/volume clutter which is beginning to obscure the bottom echo.   
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We also collected data at 450 MHz in ping pong mode at an altitude of 6770 m above the el-
lipsoid.  We were unable to confidently identify any return from the basal interface. Maxi-
mum echo amplitudes at two elevations and at 150 MHz are compared in Figure 16. The 
waveform shape and the relative amplitude of the basal reflection to the local background 
suggest that there is about 8 dB of clutter adding to the high elevation data.  Comparison with 
ocean reflections suggests that the attenuation through the ice is similar to that reported by 
others [3,4].  

 Figure 16.  150 MHz echo amplitudes where bed is likely to be wet.  High elevation (left) 
low elevation (right).  Left display is offset 20 dB. 
 
We observed weaker signals during low elevation, 450 MHz experiments (Figure 17) even 
though we transmitted twice the power compared to 150 MHz.  We were unable to observe 
basal echoes in this location at high elevation at 450 MHz.  This is explainable partly by the 
increase in elevation and the likely addition of at least 9 dB clutter. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17.  Low elevation, 450 MHz waveform with bistatic antenna configuration. 

5.2  Navigation and Steering 

Navigation and steering requirements were supported by Wallops Flight Facility and E.G.&.G. 
Corporation.  GPS and INS systems were fitted to both the Twin Otter and P-3 aircraft.  Roll, 
pitch and yaw data are provided in addition to the aircraft 3-dimensional position.   
 
Steering aides that incorporated real time information from the GPS and INS systems were 
used by the aircraft pilots to carefully follow the predefined flight paths.  Automatic steering 
was not available for the 2007 P-3 flight or for the Twin Otter campaigns.  So, all navigation 
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was done manually using a visual display.  Nevertheless, the navigation expertise displayed 
by the pilots was exceptional.  Position offsets between the planned and actual flight tracks 
for one case in 2007 over the Northeast Ice Stream is shown in Figure 18. 
 
 
 

 
Figure 18.  Flight tracks over the northeast ice stream (left).  Offset between planned and ac-
tual flight tracks (upper right).  Flight separation and deviation from planned 2km separation. 

5.3  Attitude Data and Preprocessing 

As highlighted in section 3.0, all of our processing techniques rely on information about the 
instrumental phase differences between receiving elements.  Radar calibration removes the 
internal phase differences.  Roll data from the GPS and the INS provide some control on the 
attitude differences associated with different ranges to the surface for increasingly outboard 
antenna elements.  The roll data are not generally sufficient, especially at 450 MHz because 
of additional distortions such as wing flexure.  In some cases, we can achieve additional con-
trol by assuming the ice sheet is locally flat (a good assumption).  Then we can measure phase 
differences between antenna elements to estimate the total phase correction.  A sample of the 
phase distortions estimated using the ice sheet reference and the roll data are shown in Figure 
19.  There is generally good correlation between roll angle and the interferometric phase dif-
ference. 
 
The surface return phase difference can be used as a correction term for each antenna element.  
Figure 20 shows the measured roll angle, the phase difference between two elements before 
correction and the phase difference after roll correction for data collected over the ocean. 
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Figure 19.  2008 measurements of interferometric phase differences between pairs of antenna 
elements computed using ice sheet surface first returns.  Roll data are shown for comparison. 
 

 
Figure 20.  Validation of cross track relative phase corrections.  Upper panel is GPS/INS roll 
data.  Center panel is uncorrected phase difference for range compressed data.  Lower panel is 
phase difference for corrected, azimuth compressed data.  Data were collected over the ocean 
on September 15, 2007.   
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5.4  Interferometric Processing 

We have successfully processed multiple channels to form interferometric pairs similar to ear-
lier surface based experiments [4].  Figure 21 shows one intensity image formed from data 
collected in 2006.  Signals to the right of the strongest basal return are coming from off-nadir 
and so represent intensity along the swath.  Left and right signals are merged. 

Figure 21.  150 MHz SAR image collected over northwest Greenland. 
 
Single look complex images from two antennas were multiplied to form interferograms.  Be-
cause each image is formed using a single, dipole receiving antenna, the interferograms con-
tain contributions from the left and right hand sides of the aircraft.  We use the interferogram 
filtering scheme described above to separate signals from the left and right side of the aircraft.  
The combined and separated interferograms are shown in Figure 22.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 22.  Combined interferogram (center).  Separated interferograms of signals from the 
left and right side of the aircraft. 
 
After unwrapping and correcting for refraction, the interferograms can be used to compute 
basal topography across, in the case shown, a swath about 3 km wide (Figure 23). 



20 
 

 
Figure 23.  Basal topography measured along a 25 km flight line and across a 3 km swath 
over the western Greenland Ice Sheet in May 2006.  The 150 MHz data were processed to si-
multaneously image the left and right sides of the aircraft.   
 
We performed similar experiments at 450 MHz.  In general we found that signal strengths 
were substantially lower at 450 MHz even though we transmitted twice the power.  This was 
partially compensated in regions of thinner ice.  An example is the 2007 flight across Rinks 
Glacier (Figure 24) in which case we were able to create an interferogram from the low eleva-
tion data.  The fringes were too noisy to allow extraction of topography.  Few fringes in most 
of our examples tended to be a problem partly because of the difficulty in unwrapping just a 
couple of closely space fringes as in this case and because of the difficulty in measuring 
fringe rate when trying to apply the interferogram filtering scheme.  The fringe numbers 
tended to below because baselines achievable on the P-3 were not optimal. 

 
Figure 24.  Interferogram phase image and SAR intensity image for a segment of 450 MHz 
data collected across Rinks Glacier in west Greenland. 
We compensated for low signal strength in thicker ice by using 4 transmitting antennas to nar-
row and focus the beam.  We carried out one such experiment in 2007.  The results were suc-
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cessful and we create SAR images of the base of the ice sheet the North East Ice Stream (Fig-
ure 25). 
 

 
Figure 25.  SAR image near the North East Ice Stream. 
 
In this case we were able to form interferograms that could be unwrapped (Figure 26).  Be-
cause we used multiple transmitting elements, the beam was already directional and we did 
not need to separate left and right signals.  We did of course sacrifice half the potential swath 
width as the trade. 
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Figure 26.  Interferometric fringes (right) and derived topography right near the north east ice 
stream.   
 
A 3-dimensional depiction of the topography is shown in Figure 27.    Noise in the interfero-
gram results in large data gaps across the topographic model. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 27.  Topography from 450 MHz interferometric data. 
 
We did succeed in creating interferograms collected at high elevation (September 11, 2007 
data set).  The results are shown in Figure 28.  Basal fringes can be seen by visual inspection 
but cannot be unwrapped.  Signal levels seem to be too low to clearly identify the fringe rate 
spectra associated with the basal return in the spectrum of the interferogram.  Baseline lines 
may not be optimal either with one case too long and one case too short. 
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       High Elevation 150 MHz, 0.86 m baseline 
 

 
 
Figure 28.  High Elevation 150 MHz, 11.39 m baseline 

5.5  Beam Steering 

We have been especially concerned with simply obtaining near nadir estimate of ice thickness 
across some of the most dynamic and scientifically important parts of the ice sheet.  These 
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areas typically are heavily crevassed outlet glaciers (such as Jacobshavn) and have traditional-
ly defeated conventional sounding experiments.   
 
We have had success using beam steering techniques to place nulls at large incidence angles 
(about 70 degrees) on low altitude flights over the thicker parts of the outlet glaciers.  An ex-
ample of signal improvement before and after placing the null is illustrated in Figure 29. 

 
Figure 29.  Improvement in basal echo signal after beam steering (left) and before (right). 
 
We have also achieved good results using beam steering applied to the July, 2008 data set.  
Figure 30 shows a range and azimuth compress profile in the left panel.  The basal echo is 
barely visible on the right side of the profile. It is completely obscured by clutter on the left 
side.  In this case, clutter was removed by using all receiving beam elements to limit the far 
range contribution of surface scatterers.  The result is shown in the upper right panel where 
the basal signature is very evident.  This compares favorably with nearby low elevation data 
flown in the reverse direction so the topographic gradient is switched (lower right panel).  
Note that these data cannot be used to compute swath topographies because all elements are 
being used for beam steering.  Obviously the data can be used for measuring nadir ice thick-
ness and convincingly demonstrate the clutter rejection power of using beam steering with 
range and azimuth compression. 
 
Beam steering was also used to successfully scan to the left or right.  This was demonstrated 
during earlier surface based studies and using GISMO data. 
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Figure 30.  Original range and azimuth compressed profile collected near Jacobshavn Glacier 
in July 2008 at 150 MHz and with an aircraft elevation of 4 km above the ellipsoid.  Beam 
steered data shown in upper right.  Nearby low elevation data (aircraft 500 m above ice sheet) 
shown in lower right.   

5.6  Tomography 

We found that tomography is a very promising approach for our application because we can 
double the swath width to create reflectivity and topography maps.  The combination of topo-
graphy and reflectivity is a powerful combination for inferring properties of the glacial bed. 
 
Figure 31 shows the slant range image (in which left and right signals are merged) and the 
tomographicaly derived swath which is double in width because of left right separation.  The 
center of the image tends to be brighter than the flanks because of the natural fall off in back-
scatter strength with incidence angle.  Along track variations may represent changes in the 
composition and/or roughness of the bed, perhaps associated with locally varying amounts of 
subglacial water. 
 
Figure 32 shows the tomographically derived topography.  This can be compared to the topo-
graphy derived from interferometry as shown in Figure 33.  
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Figure 31.  Tomogram (left) and slant range image (right) at 150 MHz from Northwest Green-
land 
 
 

 
Figure 32.  Tomographically derived subglacial topography. 
 
A histogram of the difference between the tomographically and interferometrically derived 
topographies is shown in Figure 33.  There is a few meter bias between the two results.  In 
general the agreement is very good. 
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Figure 33.  Difference between tomographically and interferometrically derived basal topo-
graphy.  Large deviations are associated with the far range data where signal levels are weak-
est. 
 
We have had good success at high and low aircraft elevations in situations where the ice was 
thinner (about 1 km).  We have analyzed data acquired in July 2008 and collected parallel to 
and just south of Jacobshavn Glacier (Figure 34).  We used high elevation data files 293-298 
and low elevation data files 0 -10.  Approximate locations are shown in the figure.   
 
 

 
Figure 34.  File locations for high and low elevation data processing.  We selected high eleva-
tion data files 293 to 298.  We selected low elevation data files 0-10 (file 10 is at the right 
margin of the figure). 
 
At high elevation (4000 m above the ellipsoid), we measure a wide swath for both the surface 
and base of the ice sheet enabling direct tomographic measurements of the topography and 
reflectivity of both interfaces.  Because of the strong, predicted decrease in surface backscat-
ter with incidence angle, we developed a correction factor for the surface intensity.  We did 
this by incoherently averaging all of the range lines for the surface intensity.  The correction 
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function is shown in Figure 35 and behaves similarly to the small perturbation theory predic-
tion for 5 cm rms roughness and 1 m correlation length (Figure 36). 
 

 
 
Figure 35.  Along track average of all range lines plotted on a dB scale against incidence 
angle. 
 

 
 
Figure 36.  Small perturbation model for 150 MHz signal, 5 cm r.m.s. roughness and 1 m 
correlation length.  Correlation function is taken to be exponential. 
 
The reduced surface intensity image is shownd in Figure 37.  The central distortion line is an 
artifact possibly associated with multi reflection in the near surface firn. 

dB 
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Figure 37.  Tomographic image of ice sheet surface.  Intensity is reduced using the correction 
function shown in Figure 35.   
 
Because tomography alone was not able to sufficiently reduce surface clutter for high 
elevation observations, a maximum likelyhood estimator was used to predict the surface 
contribution to the total scattered signal.  This approach assumed that the surface signal 
dominated the return.  The estimated surface contribution was substracted from the measured 
data and tomography was applied to the result.  Basal topographies for high and low elevaiton 
data (again the observations are somewhat displaced) are shown in Figure 38.  There is 
generally good agreement.   
 

 
 
Figure 38.  Topography measured from radar date file 0-10 (Figure 33) and aircraft elevation 
of 500 m above the ice sheet surface (left).  Topography measured from radar date file 293-
298 (Figure 33) and aircraft elevation of 4000 m above the ellipsoid (right). 
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Using tomography, it is possible to overlay the reflectivity data on top of the meaured 
topographies.  The resulting cross section of the ice sheet is shown in Figure 39. 
 

 
 
Figure 39.  Ice sheet cross section.  Ice thickness is about 1300 m.  Dark blue areas across 
basal interface are no data.  Flattened areas on the flanks of the surface are where surface to-
pography was too noisy.  There is an x8 vertical exaggeration.   

6.0  Squinted Unfocused SAR Interferometry 

The use of microwave backscatter signatures to characterize the physical attributes of surfaces 
and layers, such as roughness and dielectric constant, has been used for many geophysical ap-
plications. For ice sheet studies, the characterization of these parameters for the basal and sur-
face layers could aid in the identification of the presence of liquid water, bed roughness, and 
surface snow layer characteristics. To date, the main source of basal layer scattering data have 
been low-frequency microwave sounders, such as the various systems deployed through the 
years by the University of Kansas. The conventional use of these data has been to process 
them to retrieve the backscatter signature from the nadir direction alone. However, due to the 
uncertainties in the basal layer attenuation, it is problematic to use this data for basal layer 
backscatter characterization.  As part of this IIP, we developed a novel technique, which we 
call Squinted Unfocused SAR Interferometry (SUSI), which has promise in retrieving the an-
gular characteristics of the microwave backscatter signature from the basal and surface layers 
for incidence angles in the range from 0 to ~15 degrees. It is well known that the angular de-
cay of the radar cross section in the near nadir regime is an indicator of the interface root 
mean squared slope (i.e., surface roughness), independent of the absolute magnitude of the re-
turn. Therefore, these angular signatures provide a unique tool for characterizing the basal 
layer unavailable from other measurements.  
 
Several radar sounder processing approaches use nadir-direction focusing to optimize azimuth 
resolution.  While improving azimuth resolution is useful, we argue that it should not be the 
only criterion used to judge the improvements that coherent sounder data processing can 
bring. Unfocused data processing results in single-look azimuth resolutions on the order of 
~50 m to ~75 m, which is sufficient for most ice sheet studies. The real use of increased reso-
lution is the ability to incoherently average the image to reduce radar speckle by taking addi-
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tional radar “looks”. Speckle noise reduction is particularly important for radar sounders, 
since the signal-to-noise rat can be close to 1 due to surface clutter or ice attenuation. Since 
radar noise is multiplicative, feature recognition for radar data in low signal-to-noise condi-
tions can often be done as long as Kp, the ratio between the σ0 standard deviation to the σ0 

median value, is small. This quantity will decrease as N−1/2, where N is the number of inde-
pendent looks.  
 
A possible way of maximizing looks is to process as large an aperture as possible and average 
the resulting image incoherently to obtain a lower resolution image with smaller Kp. Low-
frequency radar sounders typically have an antenna pattern with very large beam width in the 
along-track direction, so potentially very large aperture can be formed. However, there are 
several practical reasons that limit the maximum size of the synthetic aperture:  

• Low-flying aircraft can have significant motion (at the wavelength level) during a syn-
thetic aperture, and motion compensation of the data becomes complicated as noted 
above.  

• An even more important effect is due to the roughness of the air-ice interface at the 
wavelength level. Uncompensated variations of the topography of this interface will in-
troduce phase errors in the signal to be compressed, which will reduce the resolution 
and coherent compression gain.  

• Finally, near nadir incidence, internal ice layers, water bodies, or flat basal regions can 
be quite specular exhibit significant variability in the angular variability of the radar 
cross-section, limiting the gains that coherent processing can give to the effective beam 
width of the scatterer, rather than the antenna beam width.  

 
An alternative approach described here utilizes the fact that wide sounder along-track antenna 
beam width will allow the interrogation of targets from many different along-track incidence 
angles. For each point of interest in the radar beam, we form many small (i.e., on the order of 
the unfocused SAR aperture length) apertures and focus each aperture on it by doing coherent 
back-propagation, including ray bending by the ice interface (Figure 40). The advantages of 
this process over the conventional approach which maximizes the aperture length are:  
 

• By forming short apertures, the problems associated with aircraft motion and, more 
importantly, surface roughness (which is hard to correct for) are minimized.  

• For each target of interest, one can derive an angular cross section variability curve. 
This curve can then be used to characterize the surface roughness and mean slope. Of 
great interest is the identification of scatterers which have a very narrow specular peak, 
indicating a very smooth interface, possibly due to the presence of liquid water.  

• The different looks, which are co-located due to the back-propagation process, can be 
combined incoherently to reduce speckle noise. For targets with small angular varia-
tions in the cross section, such as the basal layer, this will result if a less noisy image. 
For highly specular target, such as internal ice layers, combining the images from mul-
tiple angles will allow the tracking of tilting layers. In conventional processing, these 
layers are only visible when they are perpendicular to the synthetic beam look direc-
tion. 
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Figure 40.  The SUSI techniques measures interface characteristics using numerous short 
apertures. 

6.1  Squinted Sounder Processing 

In this section, we will assume that a two-layer model is sufficient to estimate the phase and 
delay of a target in the swath of the sounder. The top layer represents from the ice sheet sur-
face (or near-surface) layer, and the bottom layer represents the ice-sheet basal layer. A further 
assumption in the forthcoming derivation is that the variations in the speed of light (i.e., the 
real part of the index of refraction) inside the bulk of the ice are constant so that ray-bending 
is not a significant factor. This assumption is very good since ice compaction forces air inclu-
sions out of the ice leading to a very homogeneous medium within 50 to 100 m of the surface. 
The intermediate layer scattering is due to changes in the conductivity of the ice, which 
mostly affects the attenuation of the wave in the medium, and not the speed of propagation. 
 
Figure 40 summarizes the geometric conventions and defines the notation used here. This fig-
ure shows range ambiguities which occur in the same cross-track direction as the observation 
point. There are similar ambiguities which come from observations occurring in the opposite 
direction as well. For simplicity of exposition, we will neglect these ambiguities in the discus-
sion below. 

6.1.1  Basic Processing Scheme 

We assume that the sounder has a constant pulse repetition frequency and that jth sample of 
the range compressed return, Ej, for a point target located at the aperture focus is given by 

 
 Ej(r,sj)=Aχ(r−rj)exp [ ]iφj (6.1) 
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s is a coordinate along the mean flight direction, r is the range coordinate, χ is the range point 
target response, A is value including the antenna pattern, range loss, attenuation, etc. which 
can be regarded as approximately constant during the formation of the aperture. Finally, rj and 
φj represent the range and phase from the target to the receiver. 
 
To form the kth synthetic aperture, we utilize returns [Ejmin,Ejmax], and extract from each of 
them the return at the expected range, r %j, which may differ from the true range, rj, due to er-
rors in the spacecraft position or the height and slope of the ice interface. Since the data are 
not sampled continuously, the range interpolated data are estimated by using interpolation (in 
our case, a sinx/x weighted interpolation kernel). The kth focused aperture complex ampli-
tude, vk, is then given by 

 

 vk= ∑
j=jmin

j=jmax
 wjEj(r %j,sj)exp [ ]−iφ %j  (6.2) 

where wj are a set of weights designed to reduce azimuth sidelobes, and φ %j is the expected 
two-way phase, which may differ from the true phase for the same reasons as r %j. For perfect 
range migration and phase estimation, the ideal response for a target located at the focus of 
the aperture will be A, assuming that χ(0)=1 and the azimuth weights are normalized to one. 
 
Although a closed form solution exits for the ray bending problem, one can simplify the prob-
lem of evaluating the phase and range by assuming that the aperture is relatively short, and 
expanding the effective range about the aperture center: 

 

 rj≈r(sa)+ 
∂r
∂s|s−sa

(s−sa)+ 
1
2 

∂2r
∂s2|s=sa

(s−sa)
2+…(6.3) 

If only the first term is kept in the expansion, this is equivalent to the plane wave approxima-
tion and compression is equivalent to beam-steering the synthetic aperture to the target. If the 
second term is kept, this is equivalent to spherical wave correction, or partial focusing. 
 
Using the ray bending equations derived in [1], one can derive the following expression for 
the range derivative:  
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 rc0 = h+d/n 
where rc0 is the radius of curvature for a spherical wave emanating from a virtual target at a 
depth of d/n. The platform velocity is assumed to be constant during the aperture formation 
for each subaperture (but can change between subapertures) with along-track, cross-track, and 
vertical components given by ( )vs,vc,vh , respectively. In practice, we estimate the best fit vec-
tor velocity for each aperture, so that the beam steering will best fit the local airplane motion. 
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Notice that when the index of refraction is unity, or when c0≈c1 (small angle approximation), 
η1→1, and one recovers the usual range rate predicted by the Doppler equation (fD=(2/λ)∂r/∂s
), as expected. The additional terms apply for larger incidence angles and are due to the fact 
that the ray bending at the interface is not linear with incidence angle. 
 
The second order term is given 
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 γ = arctan [ ]vc/vs  
In general, only the first term in the phase compression need be applied when the phase varia-
tion due to the second term is less than ∼π/4. One can show that a conservative estimate for 
this relationship to hold is to have the largest aperture smaller than Lu, 
 

 Lu=  
rc0λ

2  

This worst case applies for nadir incidence and can be relaxed for larger incidence angles 
since the outwardly propagating field intersection with the flight path more closely resembles 
a plane wave in this case. 
 
To summarize, our compression algorithm has the following steps:  

1. Select aperture length, aperture overlap, and subdivide the data by aperture which will 
illuminate a give along-track line.  

2. Compute the aperture center and best fit velocity vector for each aperture.  
3. For each target in the scene: 

(a) Compute the range from the aperture center to the target. Calculate first (and sec-
ond, if desired) derivative terms.  

(b) Compute range migration and compression phase history for each pulse in the 
aperture using the derivative terms. Interpolate the received pulse to the desired 
range.  

(c) Apply steering phase ramp (or quadratic phase, if desired) to each pulse, and per-
form azimuth compression using equation 6.2.  

4. Move forward to the next along-track location.  
 
We choose not to implement this algorithm using FFT’s, since typically the difference be-
tween FFT’s and direct summation is not significant for the desired aperture lengths. 
 
One can apply either linear phase steering or quadratic phase corrections using this scheme. 
In an ideal setting, one could increase the aperture length until it fills the illumination beam. 
However, due to limitations caused by the platform motion and the ice-air interface, these 
ideal gains are often not realized. Figure 41 shows the effect of taking different azimuth com-
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pression windows for the same scene (assuming quadratic phase compensation): it is clear 
that the longest aperture is not the optimal one.  

 
 

Figure 41. Effect of forming an aperture of different lengths with quadratic phase correction 
for the same basal layer scene. The unfocused SAR aperture length is ~33 pulses. A ~300 
pulse aperture smears many of the features (due to errors in the compression filter). The opti-
mal aperture length seems to be somewhere between 30-60 pulses. 

6.2  Experimental Results 

To provide guidance on the expected angular signatures one should expect, we recall that, for 
near-nadir incidence, the return power is expected under the geometrical optics approximation 
[13] rough surfaced scattering from a layer of height H(s,c) is expected to be of the form (up 
to a nearly angularly independent multiplier): 
 

 P(θinc)∼G2L | |R
2

f(∂sH=tanθinc,∂cH=0) 
where θinc is the incidence angle with respect to the surface normal, L is a loss term due to ice 

attenuation, G2 is the two-way antenna pattern, and | |R
2

 is the layer reflection coefficient. Fi-
nally, f(∂sH,∂cH)  is the surface slope elevation probability density function (pdf). Given the 
assumption that the slope probability density function has a much stronger angular variability 
than the other terms, one can estimate the slope pdf for along track slopes as 
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 f(∂sH=tanθinc,∂cH=0)≈ 
P(θinc)

 ⌡⌠ dθinc P(θinc)
 (8) 

For an isotropic Gaussian slope distribution, the pdf will be proportional to [13] 
 

 fG(θ)∼exp 
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 ( )tan(θ−θtilt)

2

S2  

where θtilt is the mean layer tilt angle and S is the surface slope standard deviation.  

6.2.1  Ice-Air Interface 

To examine the scattering characteristics of the air-ice interface, we extract for each along-
track position the maximum return value in a window around a range equal to the expected 
platform elevation. The locus of the maximum intensity is evaluated by taking the median of 
the range for the maximum value for each incidence angle, and extracting the power along 
this same locus for all antenna apertures.  
 
At 150 MHz, one expects that the surface return will be highly specular, possibly containing 
coherent and incoherent radar returns. To assess the relative strength of the contribution be-
tween coherent and incoherent returns, we examine the incoherent and coherent powers com-
puted along the same averaging scale. Figure 42 clearly shows that the coherent power domi-
nates, probably due to the fact that the data has been partially pre-summed in the along-track 
direction by the instrument processing software. 

 
Figure 42. Surface incoherent (top) and coherent (bottom) powers on the same color scale as a 
function of along-track location and incidence angle. The incoherent power is much greater to 
the incoherent power, possibly due to the fact that the data has already been filtered along-
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track. Notice that the surface scattering width, amplitude, and centroid change with along-
track distance 

In Figure 43, we show the probability density function computed from the surface return 
power vs. incidence angle. As can be seen, changes in surface reflectivity are associated with 
widening of the surface slope, as expected. This surface pdf can be used to estimate the mean 
surface tilt and the along-track surface slope variance using their conventional definition: 

 
 θtilt = ⌡⌠ dθ θf(θ) 

 σ
2
θ = ⌡⌠ dθ (θ−θtilt)

2f(θ) 
These quantities, along with the surface relative reflectivity, are plotted in Figure 44. The es-
timated values are consistent with the expected values of surface slope.  

  
 
Figure 43. The Angular Scattering signature of the ice/air interface for the four scattering re-
gions observed in the incoherent power vs. incidence angle data. The angular back scatter 
curves show a transition from specular to small-perturbation scattering occurring around 2ο 
incidence. The slope of the back scatter curve after 2ο can be used to estimate the height spec-
trum of the ice interface 
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Figure 44.  Surface tilt (top), RMS slope (middle), and relative reflectivity computed from the 
data shown in Figure 43. 

6.2.2  Internal Layers 

We next study the scattering characteristics of the internal layers. Reflections from these lay-
ers are due to changes in dielectric constant due to deposition of ice contaminants. Due to ice 
compression, they are expected to be locally very flat, although layers may be tilted relative 
to the surface due to accumulation rate variations and ice-sheet dynamics. Therefore, these 
layers are expected to be highly specular, reflecting energy only when the incidence angle 
matches the layer slope. Figure 45 shows evidence that this assumption is indeed correct: the 
nadir direction image captures many of the layers, but suffers from discontinuities when the 
layers are sloped. These sloped layers appear in images with greater positive and negative in-
cidence angles. 

 

 
Figure 45. Images of internal layers for a variety of (surface) incidence angles. Note how lay-
ers with different local slope appear in images with different incidence angles 

This figure suggests that a more complete image of the internal layers can be obtained by in-
coherently averaging all incidence angles to fill in the gaps in the conventionally processed 
image. An additional advantage of this gap filling will be the reduction in thermal noise. The 
validity of these assumptions is evident in Figure 46 (left: one angle; right: 53 angles). The 
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use of multiple angles significantly improves the visibility and continuity of the ice internal 
layers and shows internal layers unsuspected in the conventional image. 
 

 
 
Figure 46.  Conventional (left) and SUSI 53 look processing (right) of internal layers. Internal 
layers are highly specular and will only appear in conventionally processed images (left) 
when the aperture look direction is perpendicular to the internal layer orientation: notice the 
many gaps in the layer structure.  Note that layer visibility and continuity is greatly enhanced 
and some layers not evident in the one look imaged can now be observed. The speckle noise 
is also greatly reduced.  

6.2.3  The Basal Layer 

The basal layer response is expected to be less angle dependent than the surface response, due 
to increased basal layer roughness. This is confirmed by Figure 47. 

  
Figure 47.  Basal layer images for different incident angles. Only small differences in the im-
ages can be seen 

To explore the angular variability of the basal return, we extract for each angle the power of 
the first basal return, using a process identical to the extraction of the first return from the ice 
surface above. Figure 48 shows the along-track and angular variability of the first return 
power. The along-track brightness variations dominate the image, and the effect the surface 
slope pdf is not evident. We get an estimate of the slope pdf by using equation (8) for each of 
the regions marked in the Figure 48 and present the results in Figure 49. To estimate the sur-
face slope characteristics, we fit a Gaussian pdf model. As can be seen from the results shown 
in the figure, the basal layer roughness estimates are reasonable and, in general, the pdf is a 
good fit to the data. 
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Figure 48.  The first return basal layer angular scattering signature (bottom) can be decom-
posed into a brightness variation due to reflectivity or attenuation changes (angle independ-
ent) and an angular variation due to the basal layer slope distribution. Assuming a Gaussian 
basal layer slope distribution, surface tilt and slope variance can be deduced from the angular 
variation of the scattering curve. The results are shown in the next figure. 

 
Figure 49.  Estimated pdf’s for the six regions shown in the previous image (blue lines). Also 
shown is the fit to a Gaussian pdf: the plot titles present the fitting parameters. 
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An advantage of fitting the surface pdf, is that it is now possible to investigate regions where 
the return power is significantly more specular than the bulk of the basal interface. These 
highly specular regions, which will show up as spikes in the angular pdf, are due to very flat 
reflective regions, potentially a liquid water interface. The ability to pinpoint these regions is 
shown in Figure 50. 

 
Figure 50.  Surface pdf’s showing significant specular scattering, possibly due to liquid water. 

In addition to being used for the determination of the roughness properties of the basal layer, 
the multiple squint images can be averaged incoherently to reduce speckle and improve image 
quality. The improvements are evident as illustrated in Figure 51.  Notice that similar to other 
specialized processing techniques (e.g. F-K migration, P. Gogineni personal comm.), near 
basal internal layers are also enhanced.  This enhancement is important scientifically because 
layer distortion is a criterion for selecting ice coring sites designed to retrieve paleoclimate 
records. 
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Figure 51.  Conventional (left) and SUSI processing (right) of basal interface.  The basal layer 
structure is obscured by speckle noise in the conventionally processed image on the left. 
Multi-squint combined image of the basal layer and near internal layers. Notice the marked 
reduction in speckle noise and improved definition of the interface and features in the swath. 
Notice also the imaging of the distorted internal layers, whose morphology is not at all evi-
dent in the conventionally processed signal.   
 

As a final advantage of the multi-squint processing, we consider the effect of sounder inter-
ferometry. Interferograms of the basal layer are obtained by combining different channels 
which are spatially separated across-track. Radar interferograms from multiple looks from 
multiple squint angles can be combined as long as the projected interferometric baselines do 
not vary significantly (compared to the desired height accuracy) over the selected squint an-
gles. Figure 52 illustrates the problems that can be encountered for deep basal layers and one 
look interferograms. The improvements to the quality of the interferogram are evident in Fig-
ure 52.  
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Figure 52.  Upper:  Radar sounder interferogram of the basal layer using conventional proc-
essing. The colors represent channel to channel phase difference, while the image brightness 
represents the amplitude of the interferogram. Although interferometric fringes can be 
guessed at, the correlation is quite low.  Lower:  16-look radar interferogram from multiple 
squint angles. The scene imaged is the same as the previous image. Notice the improved clar-
ity and correlation in the interferometric fringes for the basal layer 

7.0  Spaceborne Implementation:  Ionospheric Corrections 

One of the biggest challenges facing a spaceborne implementation of the GISMO concept is 
distortion of the radar signals as they propagate through the ionosphere. The distortions one 
can expect include Faraday rotation, phase delays, and phase and amplitude errors introduced 
by scintillation due to a turbulent ionosphere. 
 
From [6], the distortion due to Faraday rotation can be modelled as: 
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where M is the measured (quad-pol) scattering matrix, R is the system distortion in the re-
ceiver, T the distortion in the transmitter, RF the distortion due to Faraday rotation, and N the 
system noise. The terms A and ejφ are absolute system amplitude and phase offsets. 
 
If Ω is small and the cross-talk terms [the δ’s in (7.1)] are reciprocal, we showed in [7] and 
[8] that it is possible to estimate and correct for all system distortions terms directly from the 
measured scattering matrix data. This was demonstrated on ALOS PalSAR L-Band SAR data, 
for which the largest Faraday rotation seen to date is ~ 4 degrees, and for which this model 
works very well. We also showed that, to first order, GPS-derived TEC estimates matched 
quite well with TEC estimates based on Faraday rotation [8] 
 
In the GISMO UHF band the expected Faraday rotation will be roughly an order of magni-
tude greater than for PalSAR, i.e. 40 degrees or more for current solar conditions, rising to as 
much as 300 degrees during solar maximum. In [7] we developed an approach to estimate and 
correct for Faraday rotation at this level, and other system distortions, in a similar fashion to 
the small Ω case. Thus far this algorithm has worked well in simulations, but has yet to be 
tested on real data (none are available). 
 
When operating in quad-pol mode the data rate is rather high – one method we explored to 
reduce the overall data rate while preserving the information content was to use Compact Po-
larimetry, a form of dual-pol mode with circular polarization on transmit and linear polariza-
tion on receive. We developed an error model for this mode of operation, and a calibration 
methodology in ([9] and [10]).  Through simulations we found that it is possible to correct for 
most system distortions (including Faraday rotation) except for cross-talk on transmit. This 
suggests that the cross-talk has to be minimized in the system design. 
 
Recent work by Meyer and Nicoll [11] have confirmed that it is possible to estimate the TEC 
from Faraday rotation using the algorithm first proposed in Freeman, 2004 [6], with sufficient 
accuracy to predict the phase delay across the imaged scene. [Both the Faraday rotation and 
phase delay are directly proportional to the TEC]. Results obtained using PalSAR quad-pol 
data were used to generate a phase screen based on such TEC estimates, and then to correct 
for azimuth ‘streaking’ in repeat-pass interferometry pairs, caused by variations in TEC be-
tween images. This technique should also work well at P-Band, which suggests that a GISMO 
implementation using repeat-pass interferometry is a viable option (as opposed to having to 
fly multiple antennas spanning several baselines). This does not take into account any tempo-
ral decorrelation effects on the surface or basal areas of the ice, for which we have little or no 
information at P-Band. 
 
Finally we note the observation by Shimada [12] that less than 0.05% of PalSAR data to date 
has been exhibited significant distortion due to scintillation effects.  This suggests that we can 
expect similar percentage levels in GISMO data, at least around the time of solar minimum in 
a dawn-dusk, sun-synchronous orbit. 
 
We would still recommend conducting an experiment to test the GISMO concept from orbit in 
a repeat-pass mode, were a suitable system to be flown (e.g. ESA’s Biomass mission). How-
ever, during the course of this study, we made the decision to focus on the airborne version of 
GISMO, primarily due to the fact that clutter cancellation is easier using an aircraft system 
with multiple antennas. Once that decision was reached, though we had made significant pro-
gress in this area, the ionospheric corrections element of the study was curtailed. The progress 
made will, however, be of benefit to NASA’s planned DESDynI mission, and the Biomass 
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ESA Explorer, if that is selected for flight. The work done on Compact Polarimetry is cur-
rently under consideration by the SMAP project as an alternate mode of operation. 

8.0  Assessment 

The originally proposed TRL assessment criteria were presented in section 2.  Here, we pre-
sented an expanded TRL assessment based on our experience with different clutter rejection 
techniques and radar configurations.  We believe this updated chart gives a better overall as-
sessment of our progress. 
 
Item  Entry 

TRL  
Justification  Exit 

TRL  
Success Criterion  

Under Ice 
Imaging and 
topography 

3  Imaging has only been 
demonstrated for land sur-
faces. Imaging under ice 
requires new techniques to 
account for ray bending 
and ice surface.  

5  Interferometry 
Imaged basal layer from da-
ta (low altitude flights) but 
did not remove imaging left 
right ambiguities.  Success-
fully separated left right 
ambiguities to acquire 
swath topography 
Tomography 
Successfully imaged basal 
layer and acquired swath 
topography  
Beam Steering 
Imaged basal layer but did 
not separate left right ambi-
guities.  Most precise nadir, 
along track topography 

Clutter rejec-
tion  

3  Extends angle of arrival 
techniques to develop a 
new technique for clutter 
rejection.  

5  Interferometry 
Successfully eliminated 
left/right clutter problems 
but could not remove sur-
face clutter 
Tomography 
Successfully eliminated left 
right clutter. Successful 
with addition of beam steer-
ing at high elevation. 
Beam Steering 
Successfully reduced sur-
face clutter at high and low 
elevation when applied to 
range and azimuth com-
pressed data. 
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Ionospheric 
effects  

3  Calibration techniques ex-
ist for data far from nadir. 
They will be extended to 
near-nadir polar data.  

4  Simulation and theoretical 
results to validate calibra-
tion technique.  Decision to 
focus future work using air-
craft supersedes this objec-
tive.  

Radar Oper-
ating Fre-
quency and 
Antenna con-
figuration 

3 Assess suitability of 150 
MHz and 450 MHz radar 
operating frequencies 

5 Successfully built and dep-
loyed 150 and 450 MHz ra-
dars 
Successfully collected data 
and applied imaging and 
clutter rejection algorithms 
A combination of basal 
scattering properties and 
slightly enhanced absorp-
tion indicate that 150 MHz 
is a more robust operating 
frequency.  Beam steering 
enhances 450 MHz perfor-
mance sufficiently to make 
it more usable. 

 
As another way to summarize our results, we show in Figure 53 our assessment of where par-
ticular clutter rejection approaches succeeded and where more work remains. 
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Figure 53.  Three clutter rejection schemes were evaluated as part of the GISMO project.  
This diagram illustrates where each algorithm was demonstrated successful (green) and where 
more work remains (orange) for both high and low elevation observations. 

9.0  Summary and Recommendation 

We successfully operated 150 and 450 MHz ice sounding radars during aircraft deployments 
to Greenland during May 2006, September 2007 and July 2008.  We obtained satisfactory 
signal levels at 150 MHz at low elevation where surface clutter is reduced by proximity of the 
plane to the ice sheet surface.  Signal levels were weaker at 450 MHz but were usable when 
the radar was configured with multiple transmitting antennas.  At higher elevations, signal to 
background levels were much smaller because of the addition of off nadir clutter.  We were 
able to use the low elevation data to produce interferometric pairs from which we derived to-
pography across a swath.  We were similarly successful using tomography to construct topog-
raphic and image data sets.  We were able to reduce surface clutter at low elevations (aircraft 
altitude 500 m above ice sheet surface) using beam steering techniques.   
 
At high elevation (aircraft altitude about 4000 m above the ellipsoid), we were able to reduce 
clutter using beam forming techniques.  This enables us to obtain accurate measurements of 
nadir ice thickness.  By initializing the tomographic calculation using the nadir topography, 
we were able to obtain high elevation estimates of 3-d topography and reflectivity.   
 
We also demonstrated a new approach (Squinted Unfocused SAR Interferometry).  We used 
the technique to enhance internal layers and to improve the signal to noise ratio of basal sig-
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nals and interferograms.  We also showed how this technique could be used to estimate inter-
face local slopes and to identify basal regions where there might be ponded water. 
 
Based on our experiments, we conclude first that near term emphasis for satisfying science 
requirements for topography and basal reflectivity should be placed on sub-orbital platforms, 
although we retain the option for orbital experiments should a suitable system be deployed.  
Future airborne implementations can be optimized using a 150 MHz radar configured to 
process data using a hybrid tomography – multi-aperture array approach.  Interferogram filter-
ing may still be a good solution for an orbital implementation where a narrow beam can be 
used to limit off-nadir clutter whilst yielding a wide swath.  Future design goals include: 
 

• Increase spatial sampling by decreasing onboard summation  
• Increase the bandwidth (more across track samples) 
• Increase power density on the surface (more transmit antennas to shape the transmit 

beam and with individual power amplifiers) 
• Increase number of receiving channels to improve tomography 
• Optimize the position of receiver phase centers for interferometry and tomography 

(150 and 450 optimized separately).  
• Real time aircraft navigation sufficient to position the aircraft with 50 m of desired 

track 
 
Given our results, we recommend that the following system could satisfy many of the glaciol-
ogical requirements likely to arise over the next 5 years: 
 
 
Radar: 
150 MHz operating frequency; 450 MHz option 
Bandwidth:  60 MHz (notch filtered around aircraft communication frequencies) 
Pulse duration 3 and 10 us 
Receiver Dynamic Range 100 dB 
Loop Sensitivity:  200 dB before compression processing 
Noise Figure  3-4 dB 
Peak Transmit Power 2 kW 
PRF  10 kHz 
Interferometric Baseline: 2-10 m 
Number of Transmiters 1-5 
Number of Receiver Channels 12-20 
A/D Dynamic Range 12 bit 72 dB 
Antennas: dipoles 
PreSums 8 
Record Time:  100 us 
 
Navigation 
GPS and INS  
Wing mounted accelerometers 
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Processing algorithm 
Hybrid beam forming and tomography (InSAR capable) 
 
Aircraft 
Fixed wing 
Speed 200-300 knots 
Elevation 5-10 km (for 8 to 15 km basal swath width) 
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Appendix 1.  Project Chart 

Objective

TRLout=5

Accomplishment

Develop and test radars and algorithms for imaging the 
base of the polar ice sheets

• Investigate interferometric and tomographic clutter 
rejection and basal imaging methods

- 3-d topography of the glacial bed
- Images of subglacial conditions

• Develop multiphase center P-band and VHF radars
- Capable of sounding 5 km of ice
- Single and repeat pass interferometric operation

• Assess the requirements for extension to continental 
scale campaigns

PI: Prof. Kenneth C. Jezek, The Ohio State University

Global Ice Sheet Interferometric Radar (GISIR)

Co-Is: E. Rodriguez,, X. Wu, A. Freeman, JPL; P. Gogineni, U. 
Kansas; J. Curlander, Vexcel Corp.; John Sonntag, EG&G.

http://esto.nasa.gov

Repeat pass
tomography

Filtered basal
inferogram

InSAR Concept

•Collected 150 and 450 MHz ice sounding radar data over different glacial regimes on the Greenland Ice Sheet
•Demonstrated three, clutter rejection techniques:  beam steering, interferogram filtering, radar tomography.
•Measured 3-dimensional basal topography across swaths up to 4 km wide.
•Measured basal reflectivity across swaths up to 4 km wide.
•Demonstrated squinted aperture techniques to measure geometrical properties of ice sheet base and internal 
layers.
•Refined a concept for measuring 3-dimensional topography and reflectivity  over the entirety of the polar ice
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Appendix 2.  Budget Summary 
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Appendix 3.  Milestone Charts 
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6-Month No-Cost Extension 

 


