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Abstract—The ice penetrating capability of low-frequency
radar systems may offer a unique potential for the detection,
localization, and guidance of exploratory ice penetrating probes
for cryospheric applications. As these probes exhibit a compara-
bly small radar cross section, a reliable detection, especially in
high clutter surroundings, such as ice sheets, is prevented. As a
solution a miniaturized monostatic digital delay transponder is
developed and tested regarding its functionality with an airborne
SAR sensor.

Index Terms—SAR, Radar, Transponder, Pulse Compression,
Radar Cross Section.

I. INTRODUCTION

NCELADUS Explorer (EnEx) is an initative by the
German Space Agency at the German Aerospace Center
(DLR) that is proposing a mission concept for the exploration
of Saturn’s ice covered moon Enceladus [1]. The concept
includes the probing of a subglacial water reservoir using
melting probes as described in [2], [3]. For safe guidance of
such a probe it is mandatory to set up a reliable navigation
assistance. An L-band synthetic aperture radar (SAR) system
can be utilized for this purpose, offering both significant ice
penetration capability and potentially high bandwidth and is
therefore often used for cryospheric studies, such as in [4]-[7].
A reliable detection of small melting probes as described in
[3] (& = 8 cm) within the surrounding backscatter of the ice
is not feasible as the radar cross section (RCS) is inherently
small for L-band frequencies. This drives the need for an
active radar transponder inside the melting probe. However,
radar transponders are typically realized based on a bistatic
architecture [8]—[11] which is not feasible in the limited space
within a melting hole. In this work, we present the concept
of a miniaturized monostatic digital delay SAR transponder
and report first results from a test campaign conducted in June
2021 using DLR’s airborne SAR sensor F-SAR [7], [12] which
serves as a functionality validation for a further campaign
planned for March 2022 on an Alpine glacier.

II. ACTIVE RADAR TARGET
A. Requirements
The requirements for an active radar target for the described
application can be narrowed down to three main aspects:

1) size: the transponder must fit into the hole with dimen-
sions dictated by the melting probe;
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2) signal strength: the response signal must be strong
enough to be reliably detected by the radar system. A
signal gain >40dB is desired;

3) signal integrity: the radar pulse and its phase must be
retained in order to apply SAR algorithms.

B. Realization

Monostatic architectures suffer from an inherently small
isolation between transmit (Tx) and receive (Rx) path which
is mainly dominated by the antenna mismatch and the iso-
lation of the circulator [13]. For the presented transponder a
planar Vivaldi antenna on a low cost FR4-substrate with a
wide field of view and relatively low gain of approximately
G = 1.5dB is used. As shown in Fig. 1, the antenna has an
even wider bandwidth than required by the used radar with the
parameters as shown in Table 1. This prevents a large antenna
mismatch due to the ice of potentially unknown permittivity
in the near field of the antenna. Thus, to achieve a high RCS
oTr it is mandatory to realize a significant system gain Gy, as
can be derived from [14]

)\2

OTr = sz . Gsys . E (1)

To realize a G,,s beyond 40dB, Tx and Rx paths must
be further isolated to prevent oscillations or saturation. This
is achieved by integrating a digital delay between the input

TABLE I: Configuration of the F-SAR L-band radar
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Fig. 1: Comparison between simulated and measured s;; of
the realized Vivaldi antenna.
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Fig. 2: Input and time shifted, amplified output signal of the
transponder as well as timed Rx/Tx switching.
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Fig. 3: System structure and power levels of the developed
radar transponder.

and output of the transponder while Rx and Tx paths are
switched on and off accordingly. This is visualized in Fig. 2
and can be realized with a system structure as shown in Fig. 3.
A first prototype of the transponder hardware is shown in
Fig. 4. Fig. 3 additionally shows the power levels throughout
the transponder for a typical F-SAR experiment in blue. As
moisture level and density of the ice is not known in advance,
the additional attenuation and hence, the received power for the
in-ice use case cannot be predicted. Therefore, the minimum
input power level required for achieving the maximum output
power is also displayed in red in Fig. 3. A variable gain
amplifier (VGA) with a tuning range between 12dB and
—19.5dB is used to adjust the signal level at the input of
the 12-bit 500 MHz ADC. Together with the receiver low

/

Vivaldi
antenna

Power Splitter

+ Bandpass HPA

RF-PCB stack

Fig. 4: First prototype of the radar transponder as used in a
functional test without power supply and tubular enclosure.
Total power consumption is about 20 W at 24'V.

noise amplifier (LNA) and the active downconversion mixer
a maximum gain setting of 46.5dB is realized in the Rx
path. Thus, the ADC can use its full dynamic range for input
levels at the antenna between —8.5 dBm and —40 dBm which
is lower than the expected level for an unobstructed F-SAR
L-band acquisition at a flight height of 3000 m. The ADC
samples are stored in a digital signal processing (DSP) block
and output by the 12-bit 500 MHz DAC after a predefined
delay. Both ADC and DAC operate based on the same clock.
The pulse is upconverted by the same local oscillator as
in the Rx path to ensure phase integrity before amplifying
the signal with a high power amplifier (HPA). Switching
off the output is realized in a digital manner in the DSP.
For achieving the maximum output power and therefore, a
maximized effective RCS it is not necessary to fully saturate
the ADC as the output path can provide a saturated output
power Py = 30 dBm and has a total gain of 40 dB in order to
compensate lower input signals. As a result of the remarkable
maximum gain of 86.5dB, a saturated output power can be
achieved for input signals as low as —56.5dBm which can
mitigate signal attenuation caused by the propagation through
the ice. Consequently, Gy is depending on the actual input
power at the antenna

GSYS(RH) = {Gmax P < P — Grmax

Rn > Psat - CYVmax

for @)

Psat - Pl for

and theoretically contributes to an RCS of about 42 dBm? in
an unobstructed F-SAR L-band acquisition.

As the radar system and the transponder share no common
clock source, the timing for opening the transponder receive
window is not known. Hence, it is necessary to synchronize
the transponder timing to the radar pulse repetition frequency
(PRF). This requires a reliable detection of the incoming
radar pulses. It is not sufficient to solely rely on a rising
edge in the input signal of the transponderas the risk of
false detections is too high. Therefore, pulse compression
techniques are integrated into the transponder which enable
the usage of the system even in areas with strong distortions.

The transponder continuously scans the incoming signal for
a radar pulse using pulse compression while the transmitter
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Fig. 5: Processed data in HH-polarization of a linear flight track illuminating the scene from north.As a worst-case scenario, a
delay of 12.06 ps was chosen to shift the transponder signature in a complex clutter surrounding. (a) SAR image with neglected
transponder delay during SAR focusing. The transponder position is marked with a yellow dot. The defocused transponder
signature is highlighted. (b) Same scenery with incorporated transponder delay during SAR focusing. The resulting peak in
the defocused clutter from the forest is marked and enlarged with a yellow circle.

is fully muted. Once a pulse is detected, the transponder
enters its normal operating mode by periodically switching
the transmitter on and off depending on the delay settings
and the detected radar PRF. As the clock frequencies of the
radar system and the transponder are not perfectly identical
it is mandatory to recurrently correct the relative time shift
between both. If this effect is neglected, the two clocks drift
apart and the receive window timing does not correspond with
the incoming radar pulses. The regular timing synchronization
is performed every 25 ms. This re-synchronization inherently
takes into account the variable signal travel time introduced
by the range migration during a SAR acquisition.

III. MEASUREMENT AND RESULTS

In June 2021, a functional test prior to the final utilization
in the glacial environment has been carried out at the F-SAR
calibration site at the airport in Kaufbeuren, Germany. The
configuration of the F-SAR L-band pulsed radar is shown
in Table I. The processed SAR data are shown in Fig. 5. It
can be seen that, even with a residual defocusing in azimuth
direction due to the uncompensated transponder delay, the
transponder signature in Fig. Sa is clearly visible even in high
clutter environments such as the forest in the right-most part
of the parabola. As expected, the signature is shifted in range
direction due to the transponder delay. If the same scenery is
focused with adjusted processing parameters according to the
defined transponder delay, the parabola-like signature focuses
to a point target as can be seen in Fig. 5b. A very bright
peak is visible at the transponder position, especially compared
to the backscatter magnitude of the surrounding scene that

appears defocused due to the adjusted processing parameters.
Therefore, it can be concluded that the transponder does not
degrade the radar pulse in a manner that prevents a functional
azimuth and range compression. As can be seen in Fig. 5b, the
point target has a worse resolution in range than in azimuth
direction corresponding to the ground resolutions of 2.5m in
range and 0.6m in azimuth selected for the SAR processing.

IV. CONCLUSION

A prototpye of a monostatic digital delay radar transponder
with nearly 90dB coherent pulse signal amplification for
SAR applications was presented in this letter. The small and
independently working system achieves excellent performance
as it can be clearly detected by an airborne SAR sensor.

Further system characterization tests will be carried out for
in-depth analysis of the transponder parameters such as the
RCS and the impulse response in range and azimuth. This
is relevant for enhanced signal processing. Furthermore, it is
planned to upgrade the antenna to a polarization-independent
operation allowing for an arbitrary positioning of the transpon-
der in a melting hole. A further test in a glacial environment
is planned for March 2022.
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