
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 23, 2023

A Compact, Reconfigurable, Multi-UWB Radar for Snow Thickness Evaluation and
Altimetry
Development and Field Trials

Rodriguez-Morales, Fernando; Li, Jilu; Alvestegui, Daniel Gomez Garcia; Shang, Jiaxuan; Arnold, Emily
J.; Leuschen, Carlton J.; Larsen, Christopher F.; Shepherd, Andrew; Hvidegaard, Sine Munk; Forsberg,
Rene

Published in:
I E E E Journal of Selected Topics in Applied Earth Observations and Remote Sensing

Link to article, DOI:
10.1109/JSTARS.2021.3092313

Publication date:
2021

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Rodriguez-Morales, F., Li, J., Alvestegui, D. G. G., Shang, J., Arnold, E. J., Leuschen, C. J., Larsen, C. F.,
Shepherd, A., Hvidegaard, S. M., & Forsberg, R. (2021). A Compact, Reconfigurable, Multi-UWB Radar for
Snow Thickness Evaluation and Altimetry: Development and Field Trials. I E E E Journal of Selected Topics in
Applied Earth Observations and Remote Sensing, 14, 6755-6765.
https://doi.org/10.1109/JSTARS.2021.3092313

https://doi.org/10.1109/JSTARS.2021.3092313
https://orbit.dtu.dk/en/publications/65def7af-0294-468a-991f-d0e1407c84c8
https://doi.org/10.1109/JSTARS.2021.3092313


IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 14, 2021 6755

A Compact, Reconfigurable, Multi-UWB Radar for
Snow Thickness Evaluation and Altimetry:

Development and Field Trials
Fernando Rodríguez-Morales , Senior Member, IEEE, Jilu Li , Senior Member, IEEE,

Daniel Gomez-García Alvestegui , Member, IEEE, Jiaxuan Shang , Emily J. Arnold , Member, IEEE,
Carlton J. Leuschen , Member, IEEE, Christopher F. Larsen , Andrew Shepherd , Sine Munk Hvidegaard ,

and René Forsberg

Abstract—We developed a portable ultra-wideband radar sys-
tem capable of reconfigurable operation in multiple frequency
bands (separate or simultaneous) spanning from microwaves
through millimeter waves. The instrument provides a compact
solution for fine-resolution measurements of elevation changes and
superficial snow/firn thickness from low-altitude, mid-sized air-
borne platforms. In this article, we provide an overview of the radar
system design and its performance during laboratory testing. We
demonstrate its application in aerial surveys of snow layer thick-
ness at S/C bands, dual-band airborne altimetry at Ku-/Ka-bands,
and present first-order comparisons with coincident airborne lidar
data.

Index Terms—Multiband altimeter, multi-ultra-wideband
(UWB) radar, snow-probing radar.

I. INTRODUCTION

A IRBORNE radar systems operating at microwave and
millimeter-wave frequencies are a key technology for

wide-area determination of snow cover thickness, ice-sheet
firn density, and superficial topography variations in cold re-
gions. By exploiting differences in signal penetration depths and
backscattering signatures at different bands, these systems can
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accommodate diverse measurement scenarios to capture spatial
and temporal changes of snow cover properties [1]–[8].

Airborne radars are also an invaluable tool for the validation
of existing satellite data and for the exploration of future orbital
mission concepts [9]. For example, the upcoming Copernicus
Polar Ice and Snow Topography Altimeter mission is aimed at
providing sea ice thickness retrievals and monitoring ice-sheet
surface changes from space [10]. The mission will carry out
coincident radar measurements at Ku- and Ka-bands to provide
improved spatio-temporal resolution for the monthly quantifi-
cation of sea ice thickness [11]; and for firn density estimates,
which are needed for ice sheet mass-balance assessment and
prognosis [12].

Satellite-based measurements require validation and ground
truth verification via in situ and airborne sensor investigations,
which can provide an independent assessment of snow thickness
as well as surface and subsurface conditions. Multiband radars
with ultra-wideband (UWB) capabilities can offer complemen-
tary altimetry information with much finer spatial resolution than
spaceborne measurements and wider coverage with respect to in
situ observations. Moreover, broadband data from these radars
can be used “as is” to yield cm-scale vertical resolution; or can
be spectrally segmented to emulate the operating parameters of
spaceborne sensors.

The use of multiband radar systems for snow studies has
been demonstrated extensively using ground-based equipment
[13]–[17]. In contrast, the operation of multi-UWB airborne
radars requires submillisecond sweeps, higher pulse repetition
frequencies, and increased data rates. These features became
realizable as technology advanced in recent years. Currently,
the operation of high-performance aerial radar systems for snow
studies involves the following main scenarios.

1) Separate large- and mid-size systems operating onboard
platforms with moderate restrictions on payload size,
weight, and power [18]–[21].

2) Separate single-band compact instruments for operation
on manned or unmanned vehicles [2], [22]–[27].

3) Inherently multiband systems with relatively narrow-band
capabilities [28], [29].

We developed a compact, nadir-looking multi-UWB radar
system with the remarkable capability of collecting data with up
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to ∼18 GHz cumulative bandwidth, distributed in three separate
bands: S/C (2–8 GHz), Ku (12–18 GHz), and Ka (32–38 GHz).
The system’s small form factor and relative low power con-
sumption make it easy to integrate and operate onboard mid-size
aircraft, which are well suited for low-altitude surveys [<1000
m above ground level (AGL)] in cold regions. The sensitivity
and vertical resolution of this system across its operating bands
is comparable to that of the three separate instruments flown on
larger aircraft as a part of NASA Operation IceBridge (OIB)
between 2009 and 2016 [30].

As an extension of our work in [31]–[33], here we provide
relevant design aspects and show how the configurability of
the instrument is advantageous to support various platforms
and measurement scenarios. For example, we have used it to
perform measurements of snow cover [31] and forest canopy
[33] in Alaska onboard a Single Otter airplane; dual-band Ku/Ka
altimetry measurements in the Arctic onboard a Twin Otter
[32]; firn measurements at Ku-/Ka-bands in Greenland using
a surface-based setup; and terrestrial snow measurements in the
continental USA onboard a Cessna 172. The primary additions
of this article with respect to previous publications [31]–[33]
include the following. First, we provide details regarding the
system design and laboratory testing (which are not documented
elsewhere) while compiling a summary of the instrument con-
figurations deployed to date. Next, we present first-order al-
timetry comparisons derived from this instrument versus coinci-
dent near-infrared (NIR) lidar measurements, thereby expanding
[31], [32] in a significant manner. Lastly, and to highlight the
versatility of our radar asset, we introduce data from dual-band
surface measurements on firn, and initial results from airborne
measurements over terrestrial snow. This article is organized
as follows. Section II offers an overview of the instrument
and its various subsystems. Section III provides a summary of
laboratory tests and system performance. Section IV describes
the different platforms and configurations used for field-testing,
and presents results from four separate measurement campaigns.
Finally, Section V concludes this article.

II. SYSTEM DESIGN OVERVIEW

The instrument is a multi-UWB homodyne frequency modu-
lated continuous wave (FMCW) radar, capable of transmitting
∼ 100 mW on each band. Table I offers a summary of relevant
parameters.1 Fig. 1(a) shows a simplified block diagram of the
system, which is composed of a main chassis and a Ku-/Ka-band

1With ∼6 GHz of bandwidth, the system provides a theoretical vertical
resolution of ∼3 cm in snow, assuming a windowing factor of 1.44 and a
dielectric constant of 1.53, which corresponds to a density of 0.3 g/cm3. This
resolution is likely sufficient for the assessment of firn layers on ice sheets
and thick snow cover on sea ice. However, wider bandwidths are required
for measuring thin snow on sea ice, as recently shown in [19]. The ability
to measure snow coating thicknesses of 3 cm or less is important because
thin snow influences sea ice growth. Moreover, its knowledge is important to
mitigate biases in ice thickness estimates from freeboard measurements, and
helps understanding natural processes in environments where flooding of the
ice-snow interface is observed [34]. In principle, the bandwidth of this system
can be extended via frequency multiplication, as shown in [35] and [36], or by
using newer high-speed data converters combined with frequency translation
stages, as done in [37].

TABLE I
SUMMARY OF SYSTEM PARAMETERS

Fig. 1. (a) Simplified system block diagram. (b) Block diagram of the PLL-
based chirp generator subsystem. (c) Photograph of the main radar chassis. (d)
Photograph of the Ku-/Ka-module.

module installed in close proximity with the antennas. Details of
the subblock diagram in Fig. 1(b) are discussed in Section II-A.
The main chassis [see Fig. 1(c)] contains the digital section, the
chirp generator block, and the S/C RF front-end. The Ku-/Ka-
band module [see Fig. 1(d)] contains the RF front-end for the
other two frequency bands.



RODRÍGUEZ-MORALES et al.: COMPACT, RECONFIGURABLE, MULTI-UWB RADAR FOR SNOW THICKNESS EVALUATION AND ALTIMETRY 6757

A. Chirp Generator

The chirp generator subsystem is an improved realization of
the design described in [6] and [38]. A simplified diagram of this
subblock is shown in Fig. 1(b). It uses a phase-locked loop (PLL)
with wide loop bandwidth and dual compensation to produce a
fast, ultralinear frequency down-sweep in the f = 12–18 GHz
range. The sweep time is 250 µs with a programmable pulse
repetition frequency (PRF). The PRF is typically 2 kHz, although
it can be set as high as 3.125 kHz.

The first PLL compensation is achieved by using an arbi-
trary waveform generator (AWG) in the digital section, which
is used in combination with a level-shifting amplifier to pro-
duce a coarse-corrected tuning signal for a wideband voltage-
controlled oscillator (VCO). The second compensation is ob-
tained by phase-locking a frequency-divided replica of the 12–18
GHz VCO output (f/20 = 600–900 MHz) onto a down-chirp in
the same band, which is produced by a direct digital synthesizer
(DDS). We selected the frequency scaling factor of 20 based on
the DDS clocking scheme and the phase detector chip employed
(HMC440). The filtered error signal at the output of the phase
detector is combined with the VCO voltage correction signal by
using an op-amp-based adder. The resulting signal is a coherent
microwave chirp with an rms frequency nonlinearity on the order
of 10-4%.

The 12–18 GHz chirp signal at the output of the VCO is power
split in three ways. One of the signals is routed to the Ku-band
transmitter, whereas the other two are down-/up-converted to the
2–8 and 32–38 GHz bands by means of two mixers driven by
separate phase-locked local oscillators (PLOs) with frequencies
of 10 and 20 GHz, respectively.

B. Digital Section

The AWG mentioned in Section II-A is a PXI 5422, which
operates at 125 MSa/s with a 16-b resolution. The DDS is based
on the AD9910 chip from Analog Devices and is operated
at 1 GSa/s [39]. In addition, the digital section includes a
PXIe 1071 compact chassis from National Instruments equipped
with a FlexRIO field-programmable gate array (FPGA) mod-
ule (7965R); a four-channel digitizer with 14-bit resolution
(NI5761); a PXIe-8135 embedded computer for instrument
control; and a set of redundant solid-state drives. The data
acquisition system can record up to four simultaneous channels
using separate analog-to-digital (ADC) converters. The ADC
sampling and DDS reference signals are both 125 MHz. The
reference signal for the up-/down-converting PLOs is 100 MHz.
We implemented onboard averaging using the FPGA module to
maintain the data rate under 20 MB/s for a single channel or
under 50 MB/s for four channels. Real-time ADC multiplexing
is available when a single-channel configuration is required.
The instrument has a graphical user interface for changing radar
settings and for real-time in-flight data display.

C. RF Front-Ends

We have three separate analog RF front ends, each one
covering one of the three operating bands. The front-ends

consist of a transmitter and a receiver. The transmitter filters
and amplifies the signal from the chirp generator (after down-
/up-conversion outside Ku-band) before feeding the transmit
antennas (denoted as Tx in the block diagram). The receive
antennas (denoted as Rx) collect multiband radar signal returns
from the observed scene. The returns are bandpass filtered,
amplified, and mixed with a copy of the transmit signal of
each band. The mixer outputs (beat signals) are high-pass fil-
tered, further amplified, bandpass filtered, and digitized. The
total gain of the analog receivers is ∼50 dB. The digitizer
records the beat signal from each band on separate channels.
The 62.5-MHz wide Nyquist sampling bands correspond to
390 m (∼1280 ft.) range windows when the full 6 GHz band-
width is exercised. As in any FMCW system, the beat signals
have a frequency spectrum that contains the range profile for
each band.

D. Antennas

We use COTS rectangular horns for transmission and re-
ception at each band, with platform-specific mounting con-
siderations to maximize Tx/Rx isolation. For the S/C bands,
we have used two configurations. The first configuration con-
sists of a Q-Par Angus WBH2-18 for transmit (gain ∼10 dBi)
and a Steatite Q-Par QWH-SL-2-18-SHG-R for receive (gain
∼20 dBi). The second configuration for S/C band consists of
a set of two A-info LB-20180-NF antennas for transmit and
receive (gain ∼10 dBi). For the Ku-band, we used a set of
PE9854/SF-20 horns from Pasternack Enterprises, which have
∼20 dBi of gain and a beamwidth of 16°–23° across the band.
For the Ka-band, we used a set of Flann 22240 antennas,
whose gain is also ∼20 dBi. All the above antennas are linearly
polarized.

III. LABORATORY TESTS

We conducted a series of tests to assess the performance of the
radar in a laboratory setting. First, we recorded the PLL compen-
sation signal at the output of the loop filter (before the summing
amplifier), as shown in Fig. 2(a). This measurement helped
verify that the loop circuit remains phase-locked to the 600–900
MHz reference across the sweep, whereas the corrected VCO
tuning curve compensates for the oscillator’s voltage-frequency
nonlinearities. The compensation signal is nearly constant with a
maximum deviation of ±50 mV, indicating lock for the majority
of the sweep period. We observed that during the initial 14 µs,
the voltage required by this particular VCO chip exceeds the
output swing of the summing amplifier. This corresponds to a
∼336-MHz narrow band in the upper part of the Ku-band sweep
(5.6%), resulting in an actual frequency range at the output of
the chirp generator of 12–17.67 GHz [Fig. 2(b)] and Ku-band
transmitter [Fig. 2(d)]. Consequently, the frequency ranges at
the S/C and Ka bands are 2–7.67 GHz [Fig. 2(e)] and 32–37.67
GHz [Fig. 2(f)], respectively. This results in a commensurate
reduction in the radar’s vertical resolution (3.8 cm in free space
or 3.07 cm in snow) compared to the value obtained if the full 6
GHz bandwidth was available (3.6 cm in free space or 2.91 cm
in snow). This reduction is small enough not to be a significant
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Fig. 2. Experimental results from the system’s laboratory characterization: (a) PLL compensation signal; (b) spectrogram of the chirp generator’s output signal;
(c) measured chirp frequency nonlinearity profile; measured output spectrum of the (d) Ku-band transmitter, (e) S/C band transmitter, and (f) Ka-band transmitter.
Radar system responses measured with a synthetic target for (g) Ku-band, (h) S/C band, and (i) Ka-band. The insets are zoomed views of the main peak for each
response, showing relative power (in dB) versus normalized range (in cm).

issue for this work. Moreover, this limitation can be overcome
by using currently available operational amplifiers with larger
biasing voltages [40].

Next, we evaluated the spectral purity and frequency fidelity
of the chirp generator output across the duration of the sweep.
This was done using data captured with a 50-GS/s digital scope.
Fig. 2(b) shows the instantaneous spectral content of the Ku-band
chirp, which is devoid of in-band spurious signals to a level of at
least –50 dBc. Fig. 2(c) shows the frequency nonlinearity profile
of the chirp. The experimental rms nonlinearity is 7.8 × 10-4%,
which is adequate to maintain low near-range range sidelobes
up to an altitude of 810 m (2657 ft.) AGL while exercising the
full 6 GHz [19], [41].

Lastly, we performed loop-back tests for each band by using
an electro-optical transceiver, a fiber optic line, cables, and
attenuators to simulate a single target at ∼265 m (∼870 ft.). The
total loop attenuation and time delay in the test configuration,
measured separately with a vector network analyzer (VNA),
were ∼110 dB and 1.769 µs, respectively. Fig. 2(g)–(i) shows
the normalized response for each band obtained by applying the
fast Fourier transform onto a single radar record after using a

Hanning smoothing window. The target signals appear ∼40–45
dB above the noise floor, from which we infer a loop sensitivity
of∼150–155 dB. The two-way delays match the VNA measure-
ments and reveal internal system delays of a few nanoseconds.
The near-range sidelobes in the measured responses are lower
than –20 dB down from the main peak, as expected from the
frequency linearity shown in Fig. 2(c) and per the criteria given
in [41]. The insets in Fig. 2 show a zoomed view of the main
lobes after range normalization, showing a half-power width of
3.8 cm for the Ku and S/C band responses, in agreement with
the range resolution expected in air for 5.67 GHz bandwidth
and a windowing factor of 1.44. For the Ka-band response,
the half-power width is broader (∼6 cm). This degradation
stems partly from the frequency roll-off inherent to the Ka-band
RF front-end, but mostly from the response of the electro-
optical modulator used in the setup. Its insertion gain presents a
12 dB variation in the 35–38 GHz range. This reduces the
effective bandwidth of the measurement, thus degrading the
radar’s range resolution. The free-space vertical resolution in-
ferred from airborne measurements over a smooth surface after
deconvolution, as is shown in Section IV-C, is ∼4 cm (3.2 cm in
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Fig. 3. Photographs showing the instrument and antenna configurations for different test platforms. (a) Integration on the NASA SIERRA UAS (not flown). (b)
Integration on a de Havilland DCH-3 Single Otter for S/C band field trials in Alaska. (c) Integration on a de Havilland DHC-6 Twin Otter for Ku-/Ka-band field
trials in Greenland and Arctic sea ice. (d) Surface-based test setup for firn measurements on the Greenland Ice Sheet. (e) Instrument configuration on a Cessna 172
for S/C band trials to measure terrestrial snow cover in South Dakota.

snow), which is closer to the 3.8 cm (3.07 cm in snow) predicted
from theory.

IV. FIELD TRIALS

A. Test Platforms

We originally designed the instrument to operate at the S/C
bands onboard the NASA SIERRA UAS in 2013. In July 2013,
we integrated it onto one of the payload noses and ground tested
it, but we did not have an opportunity to fly it because the UAS
was lost prior to the first radar mission [42]. Fig. 3(a) shows
photographs of the system integrated onto payload nose B, which
included the radar transmit antenna, the main radar chassis, and
a Riegl Q-240i scanning lidar. The receive antenna was mounted
in the airframe (not shown).

In May 2018, we operated the radar for the first time during
a science mission onboard a de Havilland DHC-3 Single Otter.
We used it to measure snow cover thickness in various regions
of Alaska using S/C bands. The transmit antenna was installed
in the nose of the aircraft. To do this, we replaced an existing
inspection panel and used it as a nadir port covered with a dielec-
tric radome. The Rx antenna was installed through an opening
in the aft area of the aircraft, next to a Riegl LMS Q-240i-type
lidar provided by the University of Alaska, Fairbanks, which

operates at an NIR wavelength of 905 nm [31]. During the transit
flights to the survey site in this mission, we also collected data of
opportunity in vegetated areas and measured tree canopy height
[33]. In May 2021, we conducted a follow-up field campaign
with the same general configuration.

In August 2019, we operated the radar system on a DHC-6
Twin Otter airplane to test its dual-band altimetry capabili-
ties at Ku- and Ka-bands [32]. Fig. 3(c) shows photographs
of that installation, with the main radar chassis located in
the cabin and the Ku-/Ka-band RF front end and antennas
in the aft luggage compartment/nadir port. The instrument
payload included inertial navigation units, global positioning
system receivers, and a Riegl LMS Q-240i-60 lidar operating
at an NIR wavelength of 904 nm, which was provided by
the National Space Institute, Technical University of Denmark
(DTU Space).

In April 2019, we tested the system on the Greenland Ice Sheet
using a quick-deployable surface-based configuration intended
to take measurements at Ku- and Ka-bands on the top part of the
firn column [see Fig. 3(d)]. We installed the antennas on a beam,
which we extended through the back door of a carrier DHC-6
at each measurement site. We performed several single-point
measurements and one kinematic test in which we collected
data while taxiing the aircraft before take-off.
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Fig. 4. Results from the S/C band measurements in Alaska onboard the Single Otter: (a) In-flight radar response measured over a smooth surface; (b) relative
received power versus two-way travel time recorded at the location marked with - - in the echogram; (c) radar image demonstrating the system’s ability to map
snow cover thickness. The same frame processed without elevation corrections using the (d) full bandwidth; and with (e) 100 MHz bandwidth; (f) radar- and
lidar-derived surface elevations for the same data frame; (g) difference between radar- and lidar-inferred surface elevations; and elevation offset histogram.

In February 2020, we operated the system onboard a Cessna
172 [see Fig. 3(e)] to evaluate the suitability of the system
to measure terrestrial snow cover. We placed the main radar
chassis in the aft luggage compartment, whereas the antennas
were installed on the wing struts.

B. S/C Band Airborne Tests in Alaska

With the configuration shown in Fig. 3(b), we successfully
mapped seasonal snow cover layers in Alaska, with thicknesses
ranging from 30 cm to 15 m at low elevations above mean sea
level (AMSL) and at to least 85 m in high AMSL elevation re-
gions, where the snow is colder [31]. Fig. 4(a) shows the response
obtained over a relatively smooth surface (low backscattering
intensity) from an altitude of 348 m AGL. Fig. 4(b) shows the
normalized power profile for the range line marked by the dotted
line in the echogram of Fig. 4(c). The surface and subsurface
radar returns are marked with a red and blue arrow, respectively.
Fig. 4(c) shows a sample radar image from the data captured at
an average altitude of 300 m above the surface of Walsh glacier
(Frame ID 20180523_04_008). The data were processed with
the CReSIS toolbox [43]. We assumed a dielectric constant of
1.53 to infer a snow layer thickness of ∼3.5 m at that particular
location.

To show the utility of this system to simulate different op-
erating parameters through the spectral segmentation of UWB
data, Fig. 4(d) and (e) shows the same 20180523_04_008 frame
processed with 6 GHz and 100 MHz bandwidth, respectively.
Unlike Fig. 4(c), we did not apply elevation corrections to these
echograms, as we only wanted to highlight differences in the
quality of the images produced with two distinct bandwidth
settings. When using 100 MHz bandwidth, the radar furnishes
a vertical resolution of 1.7 m in snow, which is still sufficient to
resolve the subsurface interface at a depth of 3.5 m. Although
there is a clear degradation in the dynamic range and overall
quality of the subbanded image, such processing allows us to

evaluate differences in backscattering signatures and the suit-
ability of various frequency bands for different measurement
scenarios.

Fig. 4(f) compares the snow surface elevation mapped through
simultaneous radar and lidar measurements. We found that the
two measured vertical profiles were offset by 13.2 ns, resulting
from system delay differences between the two instruments.
After compensating for this constant offset, the two surface
altitudinal records were in good agreement to the first degree.
Fig. 4(g) shows a plot of the differences between the radar- and
lidar-derived elevation profiles along the 5-km flight segment
(5275 points) after correcting for the aforementioned constant
offset. Fig. 4(h) shows the corresponding frequency distribution
histogram. The difference in elevations has a mean value of zero
with a standard deviation of 0.128 m.

C. Ku/Ka-Band Airborne Tests in Greenland

For this mission, we used the configuration shown in Fig. 3(c)
as a trial run in support of CryoSat-2 and ICESat-2 data vali-
dation. We conducted test flights in Iceland, a transit flight over
the East Greenland Ice Sheet margin, and two flights over Arctic
sea ice out of Station Nord. Fig. 5(a) and (b) shows the specular
responses (after deconvolving system effects) measured over an
open lead (seawater) in the Arctic Ocean. Sea ice leads do not
have snow coating and behave as mirror-like surfaces for radar
signals at these frequencies (ideally with no volume scattering).
We used these measurements to calibrate the system and verify
its sensitivity. The signal-to-noise ratios (SNRs) obtained in
these plots are ∼40 dB at Ka-band to ∼60 dB at Ku-band.
This shows that the system has sufficient sensitivity to conduct
dual-band altimetry measurements. The disparities in received
power levels are consistent to the higher propagation losses at
Ka-band and slight differences in transmit power.

Fig. 5(c)–(e) shows sample echograms from coincident dual-
band height retrievals over the Greenland Ice Sheet margin
(frame ID 20190810_02_001). The Ku-band signal offered some
penetration and the ability to resolve a subsurface layer at an
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Fig. 5. Results from the coincident Ku-/Ka-band and lidar measurements in Greenland onboard the Twin Otter: Normalized received waveforms from tests over
a sea ice lead (after deconvolution) from (a) Ku-band and (b) Ka-band; elevation-corrected echogram from height retrievals over the Greenland Ice Sheet periphery
using (c) Ku-band; (d) same data frame with the subsurface interface tracked; (e) elevation-corrected echogram from Ka-band data. (f) Comparison between lidar
and dual-band radar altimetry data across 56 contiguous frames over the Greenland Ice Sheet margin; (g) elevation differences between lidar and Ku-band radar data
after systematic offset corrections and (h) corresponding distribution histogram; (i) elevation difference between lidar and Ka-band radar data and (j) corresponding
distribution histogram.

average depth of 30 cm assuming the same dielectric constant
of 1.53. This interface is tracked in Fig. 5(d) and not visible in
the Ka-band echogram of Fig. 5(e).

We used data from the onboard laser scanner to perform initial
comparisons of the radar-inferred height retrievals. Fig. 5(f)
shows the surface topography variations derived from dual-
band radar and lidar data for 56 consecutive frames, which
corresponds to 280 linear km. We obtained a first-order match
between the radar and lidar-derived elevations after correcting
for intrinsic delay offsets of less than 13 ns.

Fig. 5(g) shows the elevation differences between the lidar
and the Ku-band radar altimetry profiles over 48 584 points.
Large elevation differences of up to 34 m occurred in ar-
eas with complex topography (e.g., regions with crevasses or
with precipitous slopes). The corresponding frequency distri-
bution histogram with outliers removed (98.7% of the points
being counted) is shown in Fig. 5(h). We obtained nearly
identical results when comparing the lidar minus Ka-band
radar offsets along the survey line, as shown in Fig. 5(i)
and (j). The mean value of the elevation differences for both
comparisons is close to zero, with a standard deviation of
0.71 m.

These results indicate that the surface elevation readings
obtained with the Ku- and Ka-band radar signals are highly
consistent with one another. Fine-scale offsets in surface height
retrievals obtained from lidar and radar data are expected based
on previous studies [44], [45]. These differences are not straight-
forward to interpret, though, because they stem from a variety of
factors, including the unequal surface illuminations between the
multi-UWB radar and the lidar, terrain-induced errors, snow sur-
face conditions and interactions, and the choice of the surface-
tracking algorithm. Although further analyses will be required
to better understand these differences, our initial results show
the feasibility of using our instrument to carry out dual-band
radar altimetry measurements.

Fig. 6 shows some results to illustrate how coincidental UWB
radar data can be spectrally segmented to simulate the operation

Fig. 6. Results illustrating full-bandwidth and subbanded processing to em-
ulate the operating parameters of the ASIRAS and AltiKA instruments, re-
spectively: (a) Ku-band data frame without altitude corrections processed
with 6 GHz bandwidth; (b) same frame processed with 1 GHz bandwidth
at a center frequency of 13.5 GHz; (c) A-scopes comparing the Ku-band
received power profiles with full and reduced bandwidth for one range
line. (d) Ka-band data frame without altitude corrections processed with
6 GHz bandwidth; (e) same frame processed with 0.5 GHz bandwidth at a
center frequency of 35.75 GHz; (f) A-scopes comparing the Ka-band received
power profiles with full and reduced bandwidth for one range line.

of other instruments. Fig. 6(a) shows a portion of the same
Ku-band frame ID 20190810_02_001 between 0.7 and 1.7 km
from the beginning of the segment, without elevation correc-
tions and processed with the full 6 GHz bandwidth. Fig. 6(b)
shows the same frame processed with a center frequency of
13.5 GHz and 1 GHz bandwidth to emulate the operation of
the ASIRAS instrument in its widest bandwidth configuration
[22]. Fig. 6(c) shows the normalized received power profiles as
a function of depth for the range line #190 (km marker 0.98).
The range profiles were shifted horizontally so that zero aligns
with the power maxima. From this plot, we observed that the
subsurface interface is brighter than the surface. The subbanded
data may thus lead to ambiguity in the determination of the
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Fig. 7. Radar images from multifrequency data collection in the interior of the
Greenland Ice Sheet: (a) Ka-band surface data; (b) Ku-band surface data; and
(c) S/C band airborne data. The numbers indicate the various internal reflecting
horizons (IRHs) mapped with the instruments.

surface location, whereas the full-bandwidth data resolve both
interfaces distinctly.

Fig 6(d) shows the same frame for the Ka-band data processed
with full bandwidth. Fig. 6(e) shows the corresponding frame
subbanded to match the operating parameters of the SARAL
AltiKa instrument (35.75 GHz center frequency with 500 MHz
of bandwidth) [46]. Fig. 6(f) shows the corresponding normal-
ized A-scopes aligned to the surface location. The differences in
signal penetration and the dominance of the power coming from
the surface and subsurface for Ka- and Ku-band signals can be
used to infer the thickness of snow layers, even with narrow band
data [11], [47], whereas the UWB data are a valuable verification
tool for the unambiguous identification of shallow subsurface
interfaces.

D. Ku/Ka-Band Surface Tests in Greenland

By taking advantage of the instrument portability and recon-
figurability, we used it for localized studies of the ice sheet firn
column. Fig. 7 shows preliminary results from a surface-based
dual-band Ku-/Ka-band acquisition in the interior of the Green-
land Ice Sheet. We used the configuration shown in Fig. 3(d)
during a moving test while taxiing, as mentioned in Section IV-
A. The extent of the survey was ∼1 km. For reference, the data
are compared against a nearly coincident line from NASA OIB
using our other UWB (2–18 GHz) snow radar sounder (Frame
ID 20190512_01_647) [19]. The mapped IRHs are marked with
numbers 1–7, where #7 (located at a depth of∼5 m) corresponds
to the 2012 melt event [48]. The airborne radar system is able to
map these IRHs with the sharpest detail [see Fig. 7(c)], because
of the lower frequencies of operation and consequently higher
signal penetration. As expected, the Ka-band signal has much
less penetration, and our system only maps the IRH at 3 m below
the surface very faintly with that band [Fig. 7(a)], whereas the
Ku-band signal [Fig. 7(b)] maps the same interfaces that are
sounded with the airborne system. The IRH #5 in Fig. 7(b) is
mostly discernible when the radar was static.

E. S/C Band Airborne Tests in South Dakota

We collected data in the Black Hills of South Dakota onboard
the Cessna 172 with the configuration shown in Fig. 3(e). The
purpose of these tests was to evaluate the suitability of S/C band
frequencies for retrieval of snow cover over land. We operated

Fig. 8. Initial results from data collected over snow-covered ground onboard
the Cessna 172 using 2.5–8 GHz: (a) radar echogram; and (b) relative received
power profile for km marker 0.546 in the echogram.

the radar in the 2.5–8 GHz range to comply with local spectral
management restrictions. Fig. 8(a) shows an echogram produced
with data collected with the system in an area where the snow
cover is ∼0.5 m thick (frame ID Data_20200129_01_024). The
A-scope corresponding to range line #60 (km marker 0.546) is
shown in Fig. 8(b). The air/snow interface is detected with ∼17
dB SNR, whereas the snow/ground interface is ∼3 dB stronger.

This data set is still being analyzed, along with results from a
more recent multichannel configuration used in 2021 to over-
come limitations in areas with sophisticated topography and
rough snow surface conditions.

V. CONCLUSION

We developed a compact, airborne multi-UWB radar for
snow-layer thickness evaluation and altimetry measurements.
The instrument operates in FMCW mode over three separate
bands with up to ∼18 GHz cumulative bandwidth and sweep
frequency nonlinearities of ∼10-4%. We demonstrated its oper-
ation effectiveness under different scenarios using both surface
and airborne configurations over a variety of targets. We verified
our multiband radar altimetry data through coincidental lidar
measurements, showing good first-degree agreement between
datasets after ns-scale offset corrections. We also encountered
fine-scale height retrieval differences consistent with previous
studies performed with coarser-resolution radar. We demon-
strated the utility of full-bandwidth data to yield cm-scale
vertical resolution or subbanded data to emulate the operating
parameters of satellite instruments. We showed that this system
has potential application to firn composition studies and retrieval
of terrestrial snow cover thickness.
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