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Abstract
Wedeveloped a compact, ultra-wideband radar demonstrator formeasurements of snow thick-
ness. We designed the radar to be capable of reconfigurable operation over Ku- and S/C bands,
and with a size, weight, and power compatible with a C-3 class unmanned aircraft system
(UAS). We implemented the radar’s radio frequency frontend using low-cost laminate materi-
als and employed 3D printed antennas for an inexpensive implementation. To demonstrate its
performance and capabilities, we first conducted a series of laboratory tests, followed by tests of
opportunity in Antarctica using a sled-based setup. Next, we integrated the radar demonstrator
into an Aurelia X6 Pro system and completed a series of local flight tests over areas including
grass-covered land and a wooded section with different seasonal foliage conditions. Lastly, we
used our UAS-borne radar test bed to map seasonal snow accumulation to a depth close to
∼30 m in Greenland from 100-m altitude. In this paper, we offer a succinct description of the
radar test bed electronics, a discussion of laboratory tests and integration considerations, and
present sample results from various field scenarios.

Introduction

The emergence of small, unmanned aircraft systems (UAS) with improved autopilot capabilities
has opened new avenues to deploy miniaturized microwave radar instruments for surface and
subsurface mapping, including that of layered dielectric media such as snow, firn, and ice [1].
Snow masses are a critical natural resource for water storage and a relevant component of the
Earth system. Data retrieved with radar-equipped UAS complement the information acquired
with radars onboard crewed aircraft as well as satellite platforms. Although small UAS offer
lower endurance compared to their manned counterparts, they are less expensive to operate
and can fly lower and slower, whichmay be exploited to reduce the radar’s illuminating footprint
(thereby providing finer spatial coverage) andpotentially achieve higher sensitivity by extending
the integration time.

Recent demonstrations of UAS-borne down-looking ultra-wideband microwave systems
documented in the open literature attest their utility to retrieve snow thickness information
[2–6]. As shown in Table 1, these systems can support multi-GHz bandwidths with transmit
power levels of less than 1 W while flying altitudes ranging from a few meters to up to ∼100 m
and achieving penetration depths of up to a few meters into the snowpack. Although these sys-
tems are primarily intended to measure snow thickness, microwave radar systems may also be
suitable for crop monitoring or tree-height measurements as shown in papers [7–9].

To further advance our snow measurement capabilities, we recently developed a compact,
frequency modulated continuous-wave (FM-CW)microwave radar demonstrator intended for
nadir-looking operation onboard a C-3 class UAS. The primary advantages of this system
include its low cost, compactness, lowpower consumption, and reconfigurability to operate over
either the 12–18 GHz band or the 2–8 GHz band [10]. We implemented most of the radar test
bed’s radio frequency (RF) frontend with a series of inexpensive modules fabricated on FR408-
HR laminate substrate [11]. We tested the system in the laboratory by exercising the two above
bands and then in Antarctica formeasurements of snow pileup by employing the 2–8GHz band
on a sled-based setup. The radar electronics used in the ground system weighed 2.8 kg, includ-
ing the RF frontend, digital backend, and antennas, and consumed ∼46 W of DC power. We
subsequently integrated the radar demonstrator into an Aurelia X6 Pro UAS, which has flight
range of 15 km and a payload limit of 5 kg and conducted a series of local test flights at nominal
altitudes between 50 and 75 m above ground level (AGL). In its UAS-borne configuration, this
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Table 1. Summary of recently developed UAS-borne downward-looking microwave radar systems for snow measurements

Ref.
Center

frequency (GHz)
Bandwidth

(GHz)
Altitude
AGL (m)

PTx
(dBm)

Sweep
time (µs)

DC power
(W) Weight (kg)

Max depth
observed

(m)

[2] 2.7 4 5−10 30 512 N/A <6 0.60

[3] 15 1.4 <100 29 20 ∼9 3.66 3

[4] 4.3 3 75 3 250 N/A N/A 2.1

[5] 1.35 1.5 60 ⩽10 500x103 2−6 1.25 <2

[6] 3.475 5.05 −7 1000 ∼9 4 ∼1.7

This work 5/15 6 100a 8/14 260 ∼22 2.6b ∼30c

aTheoretically, it could support up to ∼480 m based on measured chirp frequency linearity.
bIncludes LiPo battery as power source and 3D printed antennas.
cUsing the 2–8 GHz band.

experimental instrument weighed 2.6 kg (including RF frontend,
digital backend, 3D printed antennas, and LiPo battery) and its
electronics consumed ∼22 W of DC power.

In paper [10], we provided a high-level overview of the system
and presented laboratory test results for the waveform generator
showing an rms chirp nonlinearity of ∼13 ppm, which can the-
oretically support altitudes up to 480 m AGL. We also presented
some initial results from the sled-based setup in Antarctica as well
as local airborne tests onboard theAurelia X6 Pro.Here, we expand
[10] by providing supplementary implementation details on the
RF/microwave frontend, antennas, and their integration onto the
UAS and by presenting data collected under the 12–18GHzmodal-
ity. Lastly, and to further validate the performance of the radar
demonstrator, we also present a field dataset collected over the
Northeast Greenland Ice Sheet, showing that the radar test bed
successfully mapped seasonal snow accumulation to an estimated
depth of up to at least ∼30 m in the “dry snow” zone near 75°38ʹ

N, 36°00ʹ W.
The remaining of the paper is organized as follows.The “System

development and laboratory testing” section offers design details
and laboratory testing results of the various radar sub-components,
beyond what was presented in paper [10]. The “Platform inte-
gration” section describes the integration onto the two test plat-
forms used in this work. The “Field tests” section provides several
examples of radar images obtained from field data, along with
discussions. Lastly, we summarize the paper in the “Conclusions”
section.

System development and laboratory testing

As discussed in paper [10], the radar demonstrator follows an FM-
CW architecture. Its main constituent blocks are the RF frontend,
a digital backend, a power section, and a set of antennas (Fig. 1).

RF frontend

The RF frontend is composed of a microwave chirp generator, an
RF transmitter, and an RF/IF (intermediate frequency) receiver.
The total power consumption of this section is ∼16 W.

Microwave chirp generator
The microwave linear chirp generator in the radar test bed uses a
type-2 phase-locked loop (PLL) architecture as in reference [12],
except that we integratedmultiple surface-mount components into

a single module rather than using discrete connectorized com-
ponents and evaluation boards. The circuit employs a wideband
voltage-controlled oscillator (VCO) chip followed by a frequency
pre-scaler with a factor of 56, and a phase-detector, which com-
pares the phase of the frequency-scaled output signal with a
digitally generated reference in the 214.28–321.42 MHz range.
The output of the phase detector feeds a second-order loop fil-
ter whose output drives the voltage control port of the VCO to
produce a microwave signal in the 12–18 GHz range, which is
thus phase-locked to the digital reference. We incorporated ampli-
fication, gain equalization, and filtering on the same module to
condition the chirp signal to a level up greater than 0 dBm while
keeping harmonics low. We implemented our chirp generator
circuit using a multilayer stack up from a commercial manufac-
turer based on FR408-HR substrate [13, 14], with a top signal
layer thickness of 6.7 mils and dielectric constant of 3.69. This
resulted in a very compact solution compatible withUAS operation
with frequency linearity performance nearly as good as to that of
paper [15].

To validate the performance of this module, we conducted the
following tests. First, we measured the output signal using a spec-
trum analyzer for two different cases: (i) when the input reference
consisted of a sequence of discrete tones in the 214.28−321.42MHz
range; (ii) when the input signal was a linear sweep with a 0.1
Tukey envelope, a duration of 260 µs, and a pulse repetition inter-
val of 300 µs. The former was done to measure the output power
level and establish lock under static conditions.The latter was done
to verify operation under sub-millisecond sweeping conditions, as
required for a fast-moving platform. Results from these tests are
shown in Fig. 2. In Fig. 2(a), the individually recorded outputs for
the set of discrete reference tones are indicated with different col-
ors. From this plot, we observe an output power level of 12.4 and 3.4
dBm for the start and stop tones at 12 and 18GHz, respectively; and
spur levels lower than −38 dBc. As for the swept reference test case,
themeasured output power profile is shown in Fig. 2(b) and plotted
alongside the response obtained fromEM/circuit co-simulations of
the RF path (after normalizing to the lowestmeasured power level).
The co-simulations were performed using Keysight Momentum
and Advanced Design System (ADS) and include the S-parameters
provided by the manufacturer for the various two-port compo-
nents as well as the nominal output power of the VCO. We note
that our simulations showed a generally good agreement in terms
of the expected frequency response but presented an offset in terms
of absolute power levels; and predicted a lower output in the lower
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Figure 1. Simplified block diagram of the RF frontend
and radar demonstrator [10]. (Copyright European
Microwave Association, EuMA).

Figure 2. Measured signal at the output of the chirp generator for discrete reference tones (a) and swept reference signal (b). The dotted blue line corresponds to the
EM/circuit co-simulation results after normalization. Frequency nonlinearity profile derived from the captured pulsed output waveform after applying a moving averaging (c).

part of the operating band. Based on multiple circuit boards fabri-
cated andmeasured, we attribute the differences to variations in the
actual VCO output power with respect to the typical values taken
from the datasheet and used in our circuit model.

Next, we captured the chirp generator’s output signal under
swept conditions using a 50 GSa/s digitizing scope and obtained
the nonlinearity profile using the technique described in paper
[16]. The frequency nonlinearity profile across the duration of the
pulse is plotted in Fig. 2(c), which exhibits an rms value of 0.0013%
or 13 ppm considering a moving average from 3.3 to 255 µs. The
rapid increase at the start and end of the sweep is expected and is
caused by the decreasing amplitude of the reference signal and the
increased group delay in the built-in microwave filter response at
the band edges.

RF transmitter
To reduce the power variation as a function of frequency for the
12–18 GHz chirp generator output, we used a limiting amplifier
followed by a highly selective band-pass filter (to reduce harmonic
content above 24 GHz).We used the output of the limiter amplifier
directly as the transmit signal for this band.

For operation in the 2–8 GHz range, the 12–18 GHz chirp is
mixed with a 10 GHz oscillator locked to a 100-MHz fixed refer-
ence signal (Ku-band to S/C band down converter block in Fig. 1).
We determined that this configuration produces a negligible sys-
tem phase noise degradation if the stability of the fixed reference
is significantly higher than that of the base oscillator in the radar’s
digital system. The output of the down converter is further ampli-
fied and band-pass filtered.The resulting 2–8 GHz signal is used as
the transmit signal for this band. The maximum power at the out-
put of the transmitter is ∼8 dBm for the 2–8 GHz band and ∼14
dBm for the 12–18 GHz band (Fig. 3).

RF/IF receiver
The RF receiver modules are used for de-chirping of the received
signal. They are based on the design described in papers [11, 18],
which operates in the 2–18 GHz range and can be used for that full
band or any sub-band within that range. We mix the receive signal
with a replica of the transmit signal and the resulting IF output is
high-pass filtered, further amplified and band-pass filtered before it
is captured by the digital backend. The IF module for the airborne
configuration supports up to four distinct bands with 62.5 MHz
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Figure 3. Measured transmitter power output versus frequency for the 2–8 GHz (a) and 12–18 GHz (b) modalities.

Figure 4. (a) Photograph of the RF receiver module and (b) measured conversion gain response for two different LO levels (0 and 3 dBm, respectively) and two distinct
receive modules designated SN11 and SN12; (c) Photograph of the IF module and (d) measured/simulated gain responses for each of its four selectable bands.

of bandwidth. With a pulse duration of 260 µs and bandwidth of
6GHz, each band can support discrete altitudewindows of∼400m
AGL. For operation on the UAS, we used an absorptive high-pass
filter with a cutoff frequency of ∼5 MHz, which sets the lowest
altitude limit to 32.5 m above the ground. We fixed the switch-
able bank to the first 62.5-MHz low-pass filter. For operation in
the sled-based setup, the IF section was simplified to only include
a broadband amplifier with a lower cutoff frequency (∼200 kHz)
and a 50-MHz low-pass filter. Figure 4 shows photographs of the
RF/IF receiver section and gain performance measured with a net-
work analyzer for various test conditions and comparisons with
EM/circuit co-simulations performed with Keysight ADS for the
IF section. The conversion gain of the RF receiver was measured
using an offset frequencymode for a fixed IF frequency of 50MHz.

Digital backend

As discussed in paper [10], we used two different digital backends
to implement our radar test bed. Both versions can generate the

214.28–321.42 MHz reference signal for the microwave chirp gen-
erator, and support synchronous data capture of the receiver IF
output with onboard coherent averaging capabilities to reduce data
recording rates (typically 300 MB/min). For the sled-based sys-
tem in which power consumption was not as restricted, we used
a commercially off-the-shelf (COTS) software defined radio unit
equipped with a 2 Giga samples per second arbitrary waveform
generator and a 200 Mega samples per second ADC. This con-
figuration supports a sweep time of 180 µs, weighs ∼0.5 kg, and
requires 30 W of DC power. This version of the digital backend is
controlled by a console or graphical user interface running on a
separate host computer. Data are recorded onto a solid-state drive
on the host machine. For the UAS-borne configuration, we used
a tailored solution based on the Red Pitaya SDRLAB 122.88-16
[19] with custom firmware controlling a COTS direct digital syn-
thesizer chip. It supports a pulse duration of 260 µs, consumes
∼6 W DC, and weighs ∼0.2 kg without including a GNSS receiver
for time tagging the data and 900 MHz communication links for
remote control. This solution runs a stripped-down version of
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Figure. 5. (a) Photograph of one of the fabricated 3D printed antennas with metalized body and micromachined metal ridges. (b) Measured gain response with reference
values from paper [17] for the original metalized 3D printed design; and (c) measured reflection characteristics.

Linux and supports control commands via a console interface.Data
are recorded onto an onboard micro-SD card.

Antennas

For the sled-based setup, we used a set of COTS horn antennas (Q-
par-Steatite QWH-SL-2-18-S-SG-R), which weigh 370 g per ele-
ment. For the UAS-based 2–8GHz setup, we first fabricated a set of
metalized 3D printed antennas based on the design in paper [17].
Our initial configurationwas fabricated onpolyethylene terephtha-
late glycol andmetalizedwithMGChemicals 843AR silver-coated-
copper conductive spray paint. Although this approach furnished
a light-weight solution (76.5 g per antenna), it presented challenges
related to the reliability of the electrical contact between the center
pin of the coaxial feed connector and the lower antenna ridge, par-
ticularly under vibration conditions. To address this drawback, we
fabricated a revision with the ridges micromachined from a solid
aluminum piece and then used the spray paint to make the elec-
trical connection between the ridges and the metalized, additively
manufactured horn. This resulted in a more rugged feed structure
while preserving light weight characteristics (117.6 g per antenna).
We measured the gain and input return loss of these antennas.The
return loss was better than 8.5 dB across the 2–9 GHz range. The
gainwas∼10 dBi or higher from3 to 9GHz and it dropped down to
∼3 dB at 2GHz. Figure 5 shows a photo of one of themanufactured
antennas alongside its measured characteristics. For comparison,
we included the gain reported for the metalized plastic antenna in
paper [17] showing that ourmetal ridge design improvement is not
only more robust for this application but also exhibits generally
higher gain (as much as 3 dB higher at ∼4 GHz). We note, how-
ever, that the antenna performance is impacted by the coverage and
uniformity of the spray paintmetallization, especiallywhere the 3D
printed partmeets themetal pieces. For theUAS-based 12–18GHz
setup, we used a set of COTS horns (Pasternack PE9854-20), each
with a nominal gain of 20 dBi and a weight of 185 g.

DC-power section

This section conditions the power from the primary source (e.g.
22VLiPo battery for theUAS or 24VDCpower supply for the sled)
and provides the various voltage rails needed for the operation of
the radar test bed. To this end, we used a combination of COTS
switching and linear regulators either on discrete small boards

(sled-based setup) or integrated into three compact modules with
overall efficiency of ∼68% (UAS-borne demonstrator).

System-level laboratory testing

After we tested all the radarmodules individually, we evaluated the
performance of the demonstrator at the system level by using a syn-
thetic target composed of attenuators, cables, and an electro-optical
transceiver connected to a fiber optic spool with 1.75 µs time
delay [10].This allowed us to assess the system’s vertical resolution,
loop sensitivity, and range sidelobe level in a controlled environ-
ment. The initial impulse responses measured for both bands with
reduced transmit power are documented in paper [10]. From these,
we inferred a cm-scale range resolution within 1.5% of the theo-
retical 3.75 cm for the 12–18 GHz band and within 12% for the
2–8 GHz band. For the maximum transmit power levels supported
in the final test bed configuration, we estimated a loop sensitivity
of∼149 dB for the 2–8 GHzmode and∼154 dB for the 12–18 GHz
setup.

Platform integration

Ground-based setup

For the ground-based setup, the radar electronics were installed
inside an existing radar chassis for a very high frequency (VHF)
radar sounder for ice thickness measurements employed as a part
of a different project [20]. The antennas for the microwave radar
were attached looking downward to a sled holding polarimetric
VHF antennas, which was in turn towed by a snowmobile.We con-
ducted test of opportunity measurements in Antarctica during the
2022/2023 and 2023/2024 Austral summer seasons. A photo of the
radar electronics and sled setup are shown in Fig. 6(a) and 6(b),
respectively.

UAS-borne setup

We integrated the antennas and radar electronics (Fig. 6(c)) onto
the Aurelia X6 Pro UAS as shown in Fig. 6(d). The antennas were
attached on a light-weight mount made of thin, pocketed alu-
minum, which provided a separation of ∼1 m to maximize trans-
mit/receive isolation. For the initial tests, we included 3 dB coaxial
attenuators at the input port of each of the antennas to reduce
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6 Rodriguez-Morales et al.

Figure 6. Photographs of the radar electronics (a) and field setup (b) for the sled-based measurements. Photographs of the radar electronics (c) and UAS setup (d) for the
airborne tests.

reflections. For this configuration, the digital backend includes a
900 MHz communications link to send control commands and
feedback to/from the digital backend and a GNSS receiver.

Field tests

We conducted various tests to confirm the performance of the
radar test bed in various field operating scenarios. This sec-
tion presents additional data samples and discussions from these
tests.

Surface-based tests in Antarctica

As discussed in paper [10], the radar demonstrator collected data
using the sled setup with the snowmobile moving at a speed
between 4 and 8 m/s. Here, we provide additional data samples
from these trials, as shown in Fig. 7. The data processing gener-
ally consists of the steps outlined in papers [21, 22], which include
coherent noise reduction, fast Fourier transform applied to each
time-domain record afterHanningwindowing, and different forms
of averaging. From these echograms we observed that the radar
mapped snow/firn layers to a depth of ∼30 m over multiple ∼

Figure 7. Sample radar images obtained from sled-based tests on the Ross Ice Shelf in Antarctica.
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Figure 8. Sample results from the first round of local test flights for a nominal altitude of 50 m AGL: echogram (a) and UAS altitude from GNSS records (b); and altitude of
75 m AGL: echogram (c) and UAS altitude from GNSS records (d).

Figure 9. Spectrograms of the received radar signal for various conditions: (a) full 2–8 GHz bandwidth; (b) zoomed view ∼2.4 GHz where the strongest RFI was identified; (c)
zoomed view ∼7.5 GHz with the second strongest RFI; (d) signal sub-banded to 2.6–7 GHz.
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Figure 10. Trajectory (in the counterclockwise direction) for flight tests over grass-covered ground and trees/shrubs (a); 2.6–7 GHz radar echogram before (b); and after basic
coherent noise removal (c). The left inset of (d) shows a zoomed view of the results obtained over the wooded area with sparse foliage (winter of 2024) which included two
crossings over a marsh. The middle and right insets show photographs of the actual scene as seen from the ground; (e) is a radar return collected while crossing the marsh
area. (f) 12–18 GHz radar echogram collected over the same area in the spring of 2025 with (g) showing the corresponding normalized response obtained over the marsh.

190-m sections using the 2–8 GHz band. We assumed a dielec-
tric constant (εr) of 2.0 for calculating the depth in snow (Fig.
7(a) and 7(b)). At the end of the survey line, the radar also

mapped the bottom of the ice shelf, which we estimate at a depth
between 40 and 45m considering a dielectric constant of ice of 3.15
(Fig. 7(c)).
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Figure 11. Zoomed view of the 2.6–7 GHz echogram over the woodland without vehicle’s altitude correction (a) and representative waveforms (b). Zoomed view of the
12–18 GHz echogram over the woodland without vehicle’s altitude correction (c) and representative waveforms (d). For (b) and (d), the left insets correspond to surface
returns over grass-covered ground outside the forested section. The mid and right insets correspond to waveforms collected over the treed area at the locations marked as
(1), (2) in the 2.6–7 GHz echogram and as (3), (4) in the 12–18 GHz image. The green arrows point to the response from the tree canopies. The brown arrows point to the
return from the ground. Range is in meters assuming free space propagation.
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Figure 12. Photograph showing one of the coauthors operating the Aurelia X-6 pro UAS equipped with the 2–8 GHz compact radar demonstrator (a); radar image showing a
full frame with successful radar data acquisition (b); radar echogram highlighting snow layers near the surface with A-scope on the right inset (c); and contrast-enhanced
echogram showing the deepest layers at a depth of 30 m.

Airborne tests onboard UAS (Kansas)

We conducted two initial rounds of flight tests at the Clinton Lake
R/C Field in Lawrence, Kansas, with the radar operating in the
2–8 GHz range. For the first round, we operated with a transmit
power of less than −5 dBm at nominal altitudes of 55 and 75 m
AGL, respectively. The purpose of these tests was to verify the
functionality of the complete setup at altitude. The signal-to-noise
ratio (SNR) obtained for the strongest surface returns from grass-
covered ground with reduced transmit power was ∼30–35 dB.
Further, we observed a good correlation between the surface pro-
files shown in the echograms of Fig. 8(a) and 8(c) and the rel-
ative vehicle altitudes for each flight as obtained from its GNSS
receiver log.The latter are shown in Fig. 8(b) and 8(d), respectively.
“Coherent noise” from residual coupling between the transmitter
and receiver was observed in these preliminary radar images and
appears as horizontal stripes for ranges between 50 and 60m.These
artifacts in Fig. 8(a) become less prominent in Fig. 8(c) because
the UAS flew higher.We subsequently suppressed the effects of this
residual noise through digital filtering techniques, as will be shown
below.

Next, we completed a second set of flight tests after increas-
ing the transmit power to ∼4 dBm and the position update rate of
the onboard GNSS receiver to 5 times per second instead of 1 Hz.
The first flight plan of the set consisted of a series of linear ascents
followed by short hovering periods over a large aluminum plate
(dimensions 1.2 m × 1.2 m × 3 mm). We used the data from this
flight to identify potential RF interference (RFI) sources, expected
from operation in an urban environment. We thus identified two
moderately strong interferers at∼2.4 and 7.4GHz, respectively.We
tracked the former to the UAS communications link and nearby
Wi-Fi transmissions while the latter was attributed to a local emit-
ter in the test area. Figure 9 shows different spectrograms obtained

from the received signal for full bandwidth, zoomed views to high-
light the signatures of the strongest interferers with frequency
hopping, and residual RFI from the urban operating environment
after limiting the signal to the 2.6–7 GHz range. The latter results
in a minimal degradation in radar sensitivity while still providing
ultra-wide bandwidth and thus fine vertical resolution, as required
for snow measurements.

The second path within the second round of flights was
designed to repeat the data collection over the metal plate and
then fly over a treed area to assess the performance of the radar
test bed on areas besides grass-covered ground (Fig. 10(a)). We
produced the radar image in Fig. 10(c) after mitigating the coher-
ent noise artifacts shown in Fig. 10(b) by subtracting the mean
from 250 adjacent traces to each record. Through this basic noise
removal process, the artifacts were sufficiently reduced to detect
the top of tree canopies with very sparse leaves due to the end of
the winter season (leaf density in the survey area varies season-
ally, reaching its peak during the summer months). The flight path
included two crossings over a marsh area, which appears as bright
spots with a distinct far-range sidelobe pattern in the left inset of
Fig. 10(d). A representative A-scope from one of these bright scat-
terers is shown in Fig. 10(e). In the spring of the following year,
we repeated the same flight path with the radar configured for
operation in the 12–18 GHz band.The corresponding echogram is
presented in Fig. 10(f), which shows amore distinct response from
the tree crowns. This is due to a combination of factors, includ-
ing the higher antenna gain and transmit power available in that
configuration, the higher leaf density observed in the springtime
versus the winter, leaf water content, and differences in scattering
patterns as a function of frequency [23].

Figure 11 shows a close-up of the echograms highlighting
the region near the wooded area (after incoherent averaging and
contrast adjustment) and various waveforms collected outside of
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andwithin the treed region.Thedifferences inwaveform signatures
in different areas and as a function of radar operating frequency
are apparent. Moreover, the two waveforms in the right insets of
Fig. 11(b) and 11(d) have profiles comparable to those reported in
previous studies conducted with microwave radar over forested
areas [7, 8].

Airborne tests onboard UAS (Greenland)

After completing local tests in Kansas, we successfully flight-tested
the radar test bed onboard an Aurelia X6 Pro UAS near the East
Greenland Ice-core Project (EastGRIP) drill site on the Northeast
Greenland Ice Sheet.The instrument operated in the 2–8GHzband
with∼4 dBmof power at the output of the transmitter and∼0 dBm
at the 3D printed antenna feed. Figure 12 shows some highlights
from a flight at a nominal altitude of ∼100 m AGL over a 100 m
transect. The radar detected the snow surface with ∼30 dB SNR
before any additional integrations. Further, the radar demonstra-
tor sounded distinct seasonal snow/firn layers to a depth of∼30 m
below the surfacewith a dielectric constant of 2.1 [24]. After adjust-
ing the contrast of the echogram in Fig. 12(c) and 12(d) shows the
deepest discernible layer returns more clearly. These results con-
firm satisfactory operation of the radar test bed to map seasonal
accumulation layers from a small UAS.

Conclusions

We developed a low-power, low-cost microwave frontend and
radar demonstrator for down-looking measurements of snow
thickness from a small UAS. We built the microwave chirp gen-
erator, RF/IF receivers and most of the transmitter section based
on discrete printed circuit boards fabricated on FR-408HR lami-
nate substrate. We tested each of the radar constituents and then
conducted system level tests in the laboratory for both the 2–8
and 12–18 GHz bands. Next, we deployed the radar demonstra-
tor to Antarctica during two consecutive field seasons for test of
opportunity using the 2–8 GHz band on a sled-based setup. The
radar test bed successfully mapped snow layers to a depth close
to ∼30 m and sounded the ice-shelf bottom in some areas to a
depth close to 40 m. Next, we integrated the low-cost microwave
frontend, a custom miniature digital backend, DC power circuitry
and a set of 3D printed antennas onto an Aurelia X6 pro UAS
and collected radar data over grass-covered ground and a wooded
area with sparse foliage. We were able to verify the functional-
ity of the system at altitudes up to 75 m and measured signatures
from the tree canopies and the ground by exercising the 2–8 and
12–18 GHz bands. Lastly, we employed the same radar-equipped
UAS on the Greenland Ice Sheet and measured seasonal accumu-
lation from 100 m AGL altitude to a depth of ∼30 m using the
2–8 GHz modality.
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