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A B S T R A C T

While ground penetrating radars have been extensively researched on Earth, the high-resolution exploration
and imaging of the shallow subsurface of celestial bodies in our solar system is still in its early stages, with
only a handful of systems capable of the task.

Designing high-resolution radar systems can be a complex task due to the large frequency bandwidth
required by the antennas to achieve high vertical resolution. The WISDOM GPR, as part of the 2028 ExoMars
mission, is a highly capable and challenging instrument in this context, given its fully-polarimetric setup and
mission constraints on the operating environment, robustness, as well as mass and size budget.

This paper outlines the development and characterization process of the WISDOM antenna assembly,
which can serve as a model for future radar systems. Furthermore, it presents the results of the antenna
characterization as the foundation for instrument calibration and optimal radar sounding outcomes.
1. Introduction

Ground penetrating radar is a well established tool to non-invasively
explore the structure and geology of the earth’s subsurface (Daniels,
2004). Besides geology, this technique has spread over a variety of
fields such as archaeology, mine detection and structural engineering.
Depending on the different needs, in terms of penetration depth, reso-
lution, and structures to be detected, a multiplicity of sounding radars
were developed to operate over a specific frequency band, which, in
turn, drives the design of the antenna system that ensures the necessary
transmission and reception of the electromagnetic waves. But these
applications are mostly operated on earth, which facilitates a wide
range of antenna concepts with respect to mechanical and electrical
requirements. For the investigation of the subsurface of other celestial
bodies, however, the number of instruments used so far is rather
limited.

By now, there are three ground based radars on moon (Fang et al.,
2014; Li et al., 2020; Xiao et al., 2019) and two on Mars (Hamran et al.,
2020; Zhou et al., 2020). All other radars were placed in orbit, and
particularly the subsurface of Mars is mainly sounded by the missions
MARSIS and SHARAD. The instrument “Mars Advanced Radar for
Subsurface and Ionosphere Sounding” (MARSIS) on MarsExpress works

∗ Corresponding author.
E-mail addresses: wolf-stefan.benedix@tu-dresden.de (W.-S. Benedix), dirk.plettemeier@tu-dresden.de (D. Plettemeier), valerie.ciarletti@latmos.ipsl.fr

(V. Ciarletti).

in four bands each of 1 MHz bandwidth covering a total frequency
range from 1.3 MHz to 5.5 MHz and provides a depth resolution of 50 m
to 100 m within the subsurface depending on the electrical properties
of the sounded materials. These data are supplemented by the mea-
surements of the Shallow Radar (SHARAD) on Mars Reconnaissance
Orbiter, which operates over a bandwidth from 15 MHz to 25 MHz and
achieves a depth resolution of 10 m to 20 m (Flamini et al., 2007).

These radars allowed a relatively deep sounding of Mars’ sub-
surface but to the cost of a comparatively low resolution. Basically,
there is a trade-off between penetration depth, which is higher for
low frequencies, and the vertical resolution, which is higher at high
frequencies (Daniels, 2004).

Recently, different features of the shallow-subsurface have become
the focus of research, because they are suspected to harbour traces of
past or present life (Ciarletti et al., 2017). However, the size of these
features are far below the resolution of the low frequency sounding
orbital radars and hence, the usage of high frequency, broadband radar
systems is needed.

For that, some efforts have been made lately to operate ground
penetrating radars on other celestial bodies (Moon and Mars so far)
with high frequencies, e. g.:
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Fig. 1. Bandwidth and centre frequency of radars for specific solar system tar-
gets (Ciarletti, 2016).

• WISDOM aboard the rover “Rosalind Franklin” of the mission
ExoMars employs a Stepped Frequency Modulated Continuous
Wave (SFMCW) radar within the range from 0.5 GHz to 3 GHz
with two linear polarizations. The initial design of the antenna
system was presented in Ciarletti et al. (2011) and Ciarletti et al.
(2011).

• RIMFAX on the rover Perseverance that landed in February 2021
in Jezero Crater applies a gated FMCW radar in the range from
150 MHz to 1200 MHz with a linear polarized antenna (Hamran
et al., 2015).

• RoSPR on the rover of Tianwen-1 uses two frequency ranges
(from 15 MHz to 95 MHz and from 0.45 GHz to 2.15 GHz) both
with gated FMCW and its antenna system bases on that of WIS-
DOM (Zhou et al., 2020). For the high band a dual polarized
antenna system is constructed as well but with mechanically
separated antennas.

A graphical classification of centre frequency and bandwidth of
some past, present and future missions are given in Fig. 1 based
on Ciarletti (2016). As one can see: with the present and future missions
to Mars and the Moon, the frequency bandwidth rises to achieve a
high-resolution image of the subsurface.

Although the higher resolution enables a more detailed character-
ization of sub-surface structures, important information regarding the
roughness and scattering properties cannot directly be obtained from
conventional radars. In order to close this knowledge gap, polarimetric
radar systems can be employed and are widely used in earth based ob-
servation to obtain information on the shape of the reflectors detected
in the subsurface or on roughness at the buried interfaces.

In this paper we focus on the design of a fully polarimetric antenna
that is capable to probe the shallow subsurface in the frequency range
from 0.5 GHz to 3 GHz as well as to withstand the harsh conditions
during the journey to and the operations on a place beyond earth. The
here proposed antenna is part of the Water Ice Subsurface Deposit Ob-
servation on Mars (WISDOM) Ground Penetrating Radar (GPR) aboard
the rover “Rosalind Franklin” (European Space Agency, 2019a) on the
mission ExoMars (European Space Agency, 2019b).

WISDOM (Ciarletti et al., 2017) is a purpose-built GPR for sound-
ing the subsurface of Mars, recording geological features down to a
depth of 3 m to 10 m, depending on the material characteristics (i. e.,
permittivity, conductivity, and associated losses) of the subsurface.
WISDOM will perform radar soundings in order to map the general
stratigraphy of the subsurface along the rover path, to detect outcrops,
sedimentary deposits, and buried objects (e. g., boulders) to understand
the geological history. The results of this sounding will also be used
for operational safety assessments for the ExoMars drill, capable of
2 
Table 1
WISDOM Antennas Assembly requirements.

Electrical parameters

Frequency range 0.5 GHz to 3.0 GHz
Input RF power 20 dBm
Reflection on a 50Ω line
(|
|

𝑆11
|

|

)
≤ − 10 dB

Direct coupling < − 15 dB
Polarization Two linear, perpendicular polarizations for

transmitting and receiving antenna each
Antenna pattern directional, homogeneous main lobe
HPBW 𝛩 > 20◦, 𝛩H-plane > 𝛩E-plane
Gain in main beam
direction

> 0 dBi, increasing with frequency

Structural & environmental parameters

Mass 400 g
Envelope 410 × 200 × 200 mm
First mechanical
eigenfrequency

>140 Hz
Mechanical Withstand vibration and shock loads during all

mission phases
Thermal Withstand temperatures from −125 °C to 125 °C

extracting samples from the Martian underground down to a depth of
2 m (Vago et al., 2018), far deeper than Curiosity’s drill (Okon, 2010;
Vaniman et al., 2014).

The here proposed antenna system is arranged so that two orthogo-
nal linear polarized waves can be transmitted and received separately,
yielding a set of four different measurements, which carry additional
information on the polarization changes the wave experiences while
travelling through the subsurface. These capabilities allow greatly im-
proved analysis of underground structures and target classification (Lu
et al., 2017).

2. Requirements and design

The antenna design is driven by requirements that are derived from
the WISDOM instrument itself. This includes the electrical parameters
of the antenna, as well as the specification due to the mission en-
vironment, such as the mechanical framework and the temperature
variations. Table 1 gives an overview about the specifications con-
sidered for the antenna design. Compared to the initial requirements
given in Ciarletti et al. (2011) there are only changes in structural
requirements due to change of launcher. The scientific goals were not
altered.

2.1. Electrical parameters

The bandwidth of 2.5 GHz allows a depth resolution of around 6 cm
in free space. Assuming a relative permittivity 𝜀r of 4, the resolution
is enhanced to 3 cm. For the absolute frequency limits, a trade-off be-
tween the antenna size and the penetration depth has to be performed.
Setting the lower limit to 500 MHz gives a size of antenna’s aperture of
around 30 cm if one takes a half wavelength as a basis for the design.
The frequency range is chosen so, that the penetration depth is at
least three meters under expected nominal conditions, i. e., in dry soil,
defined as containing less than 5 wt% of water (Leshin et al., 2013).

All electrical parameters need to be fulfilled over the whole fre-
quency band.

Considering the input RF power, the WAA has to support an amount
of 100 mW RF power. For other environments (e. g. on moon) and
a higher RF power, an assessment on multipaction and/or corona
discharge effects might be necessary. As the WAA does not contain any
active components, no additional (DC) power has to be supplied.

Another important set of specifications are given by the so called S-
parameters, where the “S” means “scattering”. In general terms, these
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Fig. 2. Top view of the antenna with the numbering of ports: Port 1 and Port 2 are for
the transmitting antenna elements, Port 3 and Port 4 are for the receiving elements.

parameters are used to describe the electrical behaviour of linear net-
works, especially for high-frequency applications. The here presented
antenna is such a network with four connectors (from now on called
ports) as is shown in Fig. 2. The S-parameter have the form 𝑆𝑖,𝑗 , which
simply means: What comes out at port 𝑖 (amplitude and phase of e. g.
a voltage wave) compared to what is put in at port 𝑗, when there is no
input at all other ports 𝑘 ≠ 𝑗. Formally, this is written as (Pozar, 2011):

𝑆𝑖𝑗 =
𝑉 −
𝑖

𝑉 +
𝑗

|

|

|

|

|𝑉 +
𝑘 =0 for 𝑘≠𝑗

(1)

For instance, if we send a voltage wave 𝑉 +
1 to port 1 and look at the

reflected wave 𝑉 −
1 at this port, then we can calculate 𝑆11, which is

called the reflection coefficient. If the S-parameter describes a reflection
coefficient (𝑆𝑛𝑛), the lower the value the more energy is accepted at that
port, which is the preferred behaviour, since this is a prerequisite to
radiate most of the available power. Also, if the S-parameter describes
a direct coupling from transmitting to receiving antenna, a low value
is of high interest.

For the proposed antenna, a reference value 𝑆𝑛𝑛 of −10 dB is used
at all ports, which means that 10% of the RF power can be reflected at
the antenna port. In the following, this reflection coefficient is always
considered with respect to a 50 Ω system.

In order to characterize the subsurface in terms of polarization
effects, two separate and orthogonal, linear polarizations need to be
transmitted and received by the antenna system. Hence, separate anten-
nas for transmission and reception are necessary. Since transmitter and
receiver operate simultaneously, a part of the radiated power is directly
transmitted to the receiver. This unwanted direct coupling reduces the
dynamic range available for the useful signal coming from the (sub-)
surface. Hence, this part should be minimized.

Considering the antenna pattern, the following requirements drive
the antenna’s design:

• Gain in main beam direction (referred to as gain hereafter if
not stated otherwise). Gain should increase with frequency, as
loss due to the properties of the sounded materials (per unit of
distance) and spreading loss increase with frequency. A gain of
> 0 dBi partly compensates for the spreading loss (Friis, 1946).

• General shape: For the WISDOM instrument, it is advantageous
to have a wide beam in the H-plane and a narrow one in the E-
plane over the whole frequency range, as this allows a sampling
as shown in Fig. 3.

• Half-Power Beam Width (HPBW): This is the angle of the di-
rection relative to the main lobe direction, where the radiated
power is halved. If the height over ground is 38 cm (which is the
case with the ExoMars-Rover) the minimum HPBW of 20° yields
a sufficient overlapping of an ideal footprint ellipse as indicated
in Fig. 3.

Where applicable, the antenna parameters are given with respect
to the far field of the antenna. This is a region, where the shape of
the radiation pattern is independent of the distance to the antenna and
3 
Fig. 3. Scanning scheme that can be achieved with the WAA design; view from above,
not to scale.

the electromagnetic wave is a plane wave (Balanis, 2005). Conversely,
the near field surrounds the antenna immediately but here the pattern
depends on the distance, where it is recorded. Therefore, the pattern
in far field is primarily used for comparing antennas. In theory, the
far field is given at infinite distance. Consequently, an error must
be accepted for practical measurements. In this paper, the pattern is
measured in near field and the data is transformed to far field (Johnson
et al., 1973). The gain measurement is based on a minimum distance
as defined in Bansal (1999).

2.2. Environmental parameters

The environmental requirements are defined by mission and opera-
tional constraints. They ensure feasibility of the cruise to and landing
on Mars and safe rover operations. They define the general framework
within which the electrical antenna design must be realized. Some of
the electrical requirements had to be relaxed to fulfil the mechanical
parameters. This is discussed below.

The temperature range that the antenna has to withstand is bounded
by the following two requirements: Since the antenna is mounted on
the outside of the Rover, it is exposed to the Martian atmosphere. No
thermal control unit was planned for the WAA, therefore, a minimum
temperature of −120 °C must be tolerated (Tillman, 2001; Tillman
et al., 1994; Kieffer, 1976). In contrast, the maximum temperature of
125 °C is defined by the Dry-Heat Microbial Reduction (DHMR) proce-
dure. Here, the antenna is treated with dry hot air (maximum water
content 1.2 g/kg) for a duration of three hours on that temperature.
This procedure is required for the purpose of planetary protection and
inactivates a population of microorganisms by three magnitudes, i. e.,
99.9%.

With the requirements outlined above, the Vivaldi antenna de-
sign (Gibson, 1979) was chosen as the foundation for the WAA
(Plettemeier et al., 2009a,b): A Printed Circuit Board (PCB) based
design made of a single copper layer laminated onto a Glass-fiber
Reinforced Plastic (GFRP) substrate is used, and the reverse side hosts
the feeding structure. The copper is coated with gold to prevent it from
oxidizing.

To circumvent the challenges of crossing a single Vivaldi slot an-
tenna, which are

• placing the feedings points of both antenna blades at the same
place and

• aligning the small slots properly,
an array of two Vivaldi structures on a single PCB, as shown in Fig. 4,
was created.

A useful side effect of this approach is a reduced height compared to
a single slot variant. This design again needs less stiffening structures,
since the first mechanical self-resonance is shifted towards a higher
frequency.
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Fig. 4. Design of the basic element for the WISDOM antenna, consisting of two Vivaldi
tapered slot antennas. The PCB is made of a substrate (olive-green) that carries the
metal layer (orange). The feeding structure on the backside is shown in the following
Fig. 5.

Fig. 5. Two-element array reverse side (detailed view) with the principal divider and
feeding structure.

Fig. 6. Final model of the WISDOM Antennas Assembly.

The two-element array design, of course, has two feeding points,
and therefore needs an additional power divider/combiner. Initially,
a classic five-stage Wilkinson divider (Wilkinson, 1960) was imple-
mented (Benedix et al., 2013). It was etched onto the same substrate
as the antenna structure itself, then bent by 90°, and glued onto the
baseplate, in order to comply to the spatial dimension requirements
for the WAA. However, the microstrip lines connecting the divider
with the feed points were very sensitive to the manufacturing process
and broke easily, causing disconnect, and thereby complete loss of
functionality. After a trade-off analysis between reliability, size and
electrical parameters, a final version, shown in Fig. 5, is used. It is
much smaller and fits on the antenna blade without bending. Due to the
shorter microstrip lines, the losses are lower (i. e., higher transmission)
for the small divider, as can be seen in Fig. 7(b). Reflection coefficients
for any port 𝑛 (𝑆𝑛𝑛) as shown in Fig. 7(a) are acceptable but higher than
for the first design.

The overall mechanical design presented in Fig. 6 consists of
lightweight-construction plates with a honeycomb support shape used
to strengthen the antenna elements as well as the baseplate. All rein-
forcement is made of GFRP, except for the baseplate, where aluminium
honeycomb with 6 mm spacing was used. An additional frame around
the lower end of the antenna further stiffens the structure and enhances
4 
Fig. 7. Measured scattering parameters of the used power divider/combiner compared
to a former, larger design.

Fig. 8. The WISDOM antenna is placed at the rear of the Rosalind Franklin Rover.
In nominal condition, the antenna aperture is located 38 cm above ground. Modified
capture from ExoMars Rosalind Franklin (2020).

stability. The antenna is mounted by nine screws (M5) from the top
side. For this, nine steel inserts are bonded into the baseplate. This stiff
and reliable construction (as the results of the environmental tests show
in Section 4) sums up to a total weight of 535 g. The antenna placement
at the rear of the rover is shown in Fig. 8.

For the sake of simplicity and to save mass, we decided to go
without a cover, initially designed to protect the WAA from the Martian
dust. This decision is supported by an experiment, where the influence
of dust on the antenna performance was investigated. The basic idea of
this experiment is to set up two single antenna blades facing to each
other, polarization matched in far-field. Fig. 9(a) shows one of the two
blades in the original state. After an accurate initial characterization
of the transfer function of the clean blade, a series of measurements
have been performed with the blade covered with dust. The Mars-like
regolith MRS (Mars Regolith Simulant Allen et al., 1997) is used for
two different configurations: a thick layer where the blade is totally
covered with dust as shown in Fig. 9(b) and a thinner one where the
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Fig. 9. Experimental investigation of the influence of Mars dust on the antenna
performance: (a) Original state of an antenna blade; (b) thick layer and (c) thin layer
of MRS on the antenna blade; (d) Test of the accumulation of dust on a slanted antenna
blade.

Fig. 10. Influence of different MRS-layers on the antenna gain.

blade is only partially covered (see Fig. 9(c)). The change in the transfer
function is recorded in each case. This change represents the difference
of gain in the main direction normalized by the value measured on a
clean blade and is presented in Fig. 10. We see that the effect of the
dust is very limited (less than 0.3 dB) for the thin layer and that, for a
thicker layer, the effect is more important (up to almost 3 dB) especially
at frequencies higher than 2 GHz. Here, a thick layer of MRS reduces
the gain by almost 3 dB at 3 GHz. This frequency dependent behaviour
(decrease of gain with increasing frequency) can be simulated by
modelling a 2 mm thick layer of material with a permittivity 𝜀r of 4
and dielectric losses t an 𝛿 of 10−2, which gives the best match to the
measured values. However, a thin layer as in Fig. 9(c) reduces the gain
less than 0.5 dB. To test how thick a layer of dust on the antenna might
grow, the blade was placed at an angle in a container and sprinkled
with MRS, as in Fig. 9(d). Even under this oblique arrangement, only a
little MRS remains. In conclusion, we are confident dust will not have
any significant effect on the antennas performances.

3. Electrical characteristics – Simulation and test

The knowledge of the antenna parameters like gain, pattern and
direct coupling is mandatory for modelling the behaviour of the GPR
and hence, for interpreting the data gathered during surveys (Hervé
et al., 2020).

This section covers the electromagnetic (EM) behaviour of the WAA,
from simulations as well as from measurements. ANSYS HFSS was used
for the EM simulations, a software tool based on the Finite Elements
Method (FEM) (Van Rienen, 2001).
5 
Fig. 11. WAA simplified EM simulation model with a 3D-pattern at 2 GHz that is
produced by the hatched antenna blade. For the later shown pattern, the cut of this
pattern by the pink plane is the H-plane, while the E-plane coincides with the hatched
blade.

Fig. 12. WAA measurement setup for reflection coefficient. The antenna is placed on
top of a polystyrene tower facing to the absorber wall in a distance of 2.4 m.

Fig. 13. Reflection coefficient of all four ports, simulated (dashed lines) and measured
(solid lines).
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Fig. 14. Normalized antenna pattern (in dB) of Port 1 in both principal planes: measured E-plane, simulated E-plane, measured H-plane and simulated H-plane.
Fig. 15. Measured and simulated HPBW of Port 1 of the WAA. The horizontal line at
20° is the requested minimum.

Simulations were run with a simplified model as shown in Fig. 11. In
order to reduce computational resources, the following simplifications
are applied:

• The GFRP honeycomb support frame was omitted. Due to the low
volume fraction and low relative permittivity of GFRP (Mumby
et al., 1989), the influence of this frame on the general result is
expected to be low to negligible.

• The 3D copper layers were replaced by sheet elements of finite
conductivity. It is common practice to approximate very thin
metallic structures by sheets, i. e., elements with zero thickness,
in simulation setups.
6 
Fig. 16. Measured and simulated realized gain of the antenna blade fed from Port 1
of the WAA.

Fig. 17. Measured and simulated coupling of the WAA.
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Fig. 18. Setup to measure the reflection coefficient during thermal cycling.

• The baseplate aluminium honeycomb was replaced by solid alu-
minium. The honeycomb spacing of 6 mm does not influence the
EM properties in the considered frequency range, it effectively
functions as a reflective wire screen (White, 1980).

• The coaxial feed connector was replaced by a simple microstrip
feeding, as both can be assumed to be reasonably well-matched.

For the measurement of the antenna parameters, the so called Flight
Model (FM) was used, which is the model that has been integrated
to the Rosalind Franklin Rover. This model is identical in construc-
tion with the EQM, that has been used for environmental testing in
Section 4.

3.1. Scattering parameters

Measurements for reflections and coupling were carried out in the
anechoic chamber of the RF Chair at TU Dresden. As shown in Fig. 12,
the WAA was placed onto a tower of polystyrene boxes as mechanical
support. The boxes’ influence on the electromagnetic behaviour of the
antenna can be neglected in the investigated frequency range. The
main beam is directed to the absorber wall at a distance of 2.4 m,
which is beyond the calculated minimum far-field distance of 1.57 m
at 3 GHz according to Bansal (1999). With a 4-port Agilent E8364B
Vector Network Analyzer (VNA), the S-parameters were recorded after
all environmental tests including Long Term Thermal Vacuum (LTTV)
were executed.

The measured values are presented in Fig. 13 and are compared
to simulated values (dashed lines). The reflection coefficient reaches
−5 dB in the range from 0.5 GHz to 0.6 GHz, which is caused by
the power divider. In the remaining frequency range up to 3 GHz,
the reflection coefficient on Port 1 is −7 dB at worst. The reflection
coefficient on the other ports is better than −8 dB. The frequency shift
can be explained by the differences between the simulation model and
the real model, as described above.

3.2. Antenna pattern

The patterns were measured with a spherical near-field scanner
NSI 700–30 in combination with an Agilent E8361A VNA in the same
anechoic chamber. For the probe antenna, an RFspin DRH 400 was
employed. The results are shown in Fig. 14. Here, simulated and
measured antenna pattern at several frequency points in both E- and
H-plane are presented.

These pattern show a wide H-plane and narrow E-plane as re-
quired in Section 2. Around the centre frequency (see pattern for
1 GHz and 2 GHz) the deviation between measurement and simulation
is negligible, especially towards the main beam direction. Although
a simple Vivaldi antenna would exhibit a symmetrical pattern, here
the proximity of the transmitting and receiving antennas distorts the
pattern. Compared to the higher frequencies, the radiation character-
istics at 0.5 GHz indicates a larger deviation between simulation and
7 
Table 2
Achieved values of the WISDOM antenna.

Electrical parameters achieved

Frequency range 0.5 GHz to 3.0 GHz, all following parameters are
considered over that frequency range.

Input RF power 20 dBm =̂ 100 mW, achieved by design. The used
resistors can be loaded up to 100 mW.

Reflection on a 50Ω line
(|
|

𝑆11
|

|

)
< − 4.4 dB at 0.5 GHz at Port 1, all other ports are
below over the frequency range, see Fig. 13

Direct coupling < − 17.3 dB, see Fig. 17
Polarization Two linear, perpendicular polarizations are

achieved by design.
Antenna pattern Above 1 GHz there is a clear directional,

homogeneous main lobe, see Fig. 14.
HPBW 𝛩 ≥ 20◦, 𝛩H-plane > 𝛩E-plane, see Fig. 15
Gain in main beam
direction

> −0.7 dBi at 0.5 GHz at Port 3, increasing with
frequency up to 2.6 GHz, see Fig. 16

Structural & environmental parameters achieved

Mass 535 g
Envelope 410 × 199 × 178 mm
First mechanical
eigenfrequency

347 Hz, see Fig. 23

Mechanical Passed all vibration and shock tests
Thermal Passed all thermal vacuum tests, see Fig. 21(b)

and Fig. 25

measurement, especially in the E-plane. This is most probably caused
by coupling with the spherical scanning system and performance degra-
dation of the anechoic chamber below 1 GHz. At around 2 GHz, side
lobes begin to arise and become a comparatively large portion of the
pattern at 3 GHz. That in turn decreases the power to the main beam
direction. In Fig. 15, the measured HPBW of Port 1 is plotted versus
frequency for both E- and H-plane and is compared to the simulation
results. The plots of simulated and measured data show a similar shape
with an acceptable deviation.

3.3. Realized gain

Measurements were performed in the anechoic chamber with an Ag-
ilent FieldFox N9918A VNA, employing the well-known three-antenna
method (Balanis, 2005). The results of these measurements are shown
in Fig. 16, together with simulation results. Again, due to the imper-
fections of the anechoic chamber the probe antenna receives the signal
via multiple transmission paths, causing clearly visible interference.
This leads to strong deviations compared to the simulation results. By
applying a time gating algorithm (in the VNA), the indirect paths are
suppressed, and the graph is much smoother, and also in much better
agreement with the simulation results. Realized gain is increasing with
frequency up to 2.6 GHz, which is wanted to reduce spreading (i. e.,
free space loss) and material losses. Above this frequency, the side
lobe power becomes so high that the power in main beam direction
decreases.

3.4. Direct coupling

Direct coupling between transmitting and receiving antenna should
be as low as possible to improve the dynamic range of the system on
one hand. On the other hand, direct coupling is the earliest signal that
is received through the antennas and most of the time the strongest one,
which gives a reliable signal for long term reference being on Mars.

Simulation and measurement results are shown in Fig. 17. As can
be seen, in the lower band from 0.5 GHz to 1.6 GHz the coupling is
within the range from around −20 dB to −25 dB, with a maximum of
approx. −17.3 dB at 0.7 GHz. At about 1.6 GHz, there is a sharp decline.
Until up to the nominal maximum frequency of 3 GHz the coupling is
−34 dB at worst.
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Fig. 19. Environmental test setups.
4. Qualification

The qualification process encompasses assessments of the materials
and manufacturing processes, as well as environmental tests. The an-
tenna has to withstand several stress tests, such as thermal cycling and
mechanical loads. For this purpose the EQM was used. For the sake of
clarity, the following diagrams only show a representative section of
the measurements.

4.1. Thermal cycling

For the thermal environment qualification, the EQM shall withstand
130 °C and −130 °C, which is the requested temperature range with an
extra qualification margin of ±10 K. In total, eight cycles have to be
passed.

While the first cycle spans the full temperature range at below
1 mPa, the subsequent cycles simulate a Mars analogue atmosphere
at 700 Pa of Nitrogen with a reduced maximum temperature of 80 °C.
The duration at the hottest/coldest points is composed by three states,
which are: (1) initial stabilization, where the target temperature is
reached within ±0.5 °C, followed by (2) a stabilization phase of four
hours, where the temperature shall stay within ±0.25 °C and (3) an
additional dwell time of 2 h. The test was done in a Thermal Vacuum
Chamber (TVC) as shown in Figs. 20 and 19(a) shows the plots of
temperature and pressure during that qualification test.

Before and after the full test, as well as after each dwell time, the
reflection coefficient was measured with a setup illustrated in Fig. 18.
Via a feed-through, the ports of the antenna inside the thermal vacuum
chamber are connected to an Agilent N9918 VNA outside. An RF switch
enables the sequential measurement of all four antenna ports with the
two ports of the VNA.

Fig. 21(a) shows the measured values of the reflection coefficient on
Port 1 during the first cycle. Compared to the measurement of reflection
coefficient within the anechoic chamber, this time the antenna is
surrounded by the metallic vessel of the TVC within the near-field of
the antenna. Hence, due to reflections at these metallic walls, the values
differ significantly from those taken in the anechoic chamber (compare
with Fig. 13). Therefore, these values can only be considered as a health
status rather than a reference for GPR post-processing.

The reflection coefficient on Port 1 at ambient temperature together
with the maximum values of all hot and cold measurements is shown in
Fig. 21(b), giving an estimate of the expected worst case behaviour. Al-
though the difference is as much as 3 dB at 0.8 GHz, the total magnitude
is always lower than −3 dB, which is considered acceptable.
8 
Fig. 20. Temperature and pressure during the thermal qualification test of the EQM.

4.2. Vibration

Fig. 19(b) shows one of the arrangements for the mechanical vi-
bration tests that consist of sinusoidal and random excitations along
all three axes. From simulations results of the mechanical behaviour,
three spots (stiffest/most fragile) on the structure were chosen to be
monitored with accelerometers, as can be seen in Fig. 22.

Between each single load test a resonance search was performed,
the antenna structure was checked visually, and the functionality was
again checked by measuring the reflection coefficient. In this case, the
resonance search was a sinusoidal sweep from 5 Hz to 2000 Hz. This
allows the natural frequencies to be recognized. In addition, one can
detect changes in the structure, which may be caused by any of the
load tests. As shown in Fig. 23, the difference between initial and final
resonance search is negligible, which means that the antenna structure
has got no damages due to those load tests.

Another test was the shock test, which will not be outlined in this
article, since the procedure is similar to that of the vibration test. Here,
the antenna is exposed to a short impact, that has to fulfil a given
acceleration spectrum.

4.3. Long term thermal test

Furthermore, a long term cycling test was performed. The aim of
this test was to verify that the WISDOM antenna survives the planned
life span. To achieve this, the antenna was exposed to 327 cycles
(218 sols extended mission time multiplied by a safety factor of 1.5) un-
der a Mars analogue atmosphere with 700 Pa of Nitrogen atmosphere.
This test was carried out in a smaller TVC than for the qualification
test, see Fig. 24.

The temperature range was set between 75 °C (hot point) and
−125 °C (cold point). The dwell time was reduced to 15 min only, since
in this test the transitions between hot and cold points was the main
focus. During the test, the transition rate was set to 6 K min−1. With all
these settings, the test ran for almost 75 days.
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Fig. 21. Results of reflection coefficient measurement during thermal cycling.
Fig. 22. Vibration test of the WAA; arrows point at accelerometers. The third
accelerometer is on the far side, in the middle of the strut.

Fig. 23. Resonance search of the antenna structure before and after all vibration tests.
The plot shows the acceleration at sensor A3 (see Fig. 22) in 𝑦 direction. The first
resonance frequency appears at around 347 Hz, which is far beyond the critical point
of 140 Hz.

Throughout the entire time, a measurement of all four ports was
carried out every 5 min to check the antenna’s operational state. In
Fig. 25, the reflection coefficient on Port 1 of the first measurement
(ambient) is plotted. A second graph shows the maximum magnitude
that occurred during the whole test for each single frequency, in order
to check for failures. If a failure (e. g. interrupted or short-circuited line)
had occurred, this would have resulted in a maximum value of 0 dB,
which is not the case. The reflection coefficient behaves differently
compared to that recorded during the qualification, since this chamber
is much smaller.

After all environmental tests, a measurement of the scattering pa-
rameters was done in the anechoic chamber and compared to the state
before all tests. Fig. 26 shows the reflection coefficient at Port 1 before
and after testing. As can be seen, the impact of all tests on the reflection
9 
Fig. 24. The EQM installed in the smaller TVC for the Long Term Thermal Cycling.

Fig. 25. Magnitude of reflection coefficient on Port 1 both for ambient temperature
and for the maximum value (of each frequency point) that occurred during the whole
long term thermal cycling.

Fig. 26. Measurement of the reflection coefficient on Port 1 in anechoic chamber
before and after all environmental tests: thermal-vacuum, vibration, shock and long-
term thermal cycling.

coefficient is low enough to be accepted: in regions where 𝑆11 > −10 dB
the performance degradation is below 1 dB at worst.

The EQM passed all environmental tests without any issues.
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5. Conclusion

Besides the ordinary design goals for GPR-antennas, the construc-
tion of a rover based space antenna has to deal with a number of
urther challenges, such as the electrical large gap between antenna and
round, mechanically stable construction, and usage of space qualified
aterials.

The achieved values for the given requirements from Table 1 are
summarized in Table 2. The matching is not fully compliant to the re-
uirement of < −10 dB. The impact will be that at some frequencies the
eturned signal power is higher than required. Therefore, the realized
ain is lower at these ranges. For the RF components of the WISDOM
lectronic unit, this higher returned power is not an issue, however.

The lowest realized gain is around 0.7 dB below the requested value
of 0 dBi at the lower frequency limit. Further, it was required that the
gain in main beam direction shall increase with frequency to compen-
sate for the increasing loss. Up to 2.6 GHz this is achieved. Because
of increasing side lobes above that frequency, the gain decreases. This
behaviour will be compensated by calibrating the whole system with
the cost of some dynamic loss.

In this paper we presented the basic design and the antenna pa-
ameters – both of simulation and measurement – such as reflection
oefficient, pattern, gain, and coupling of the WISDOM GPR antenna
or the ExoMars Rover. As outlined in detail, the antenna passed all
equired tests for space environment.
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