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round penetrating radars have been extensively researched on Earth, the high-resolution explorati

aging of the shallow subsurface of celestial bodies in our solar system is still in its early stages, wi

handful of systems capable of the task.

gning high-resolution radar systems can be a complex task due to the large frequency bandwid

d by the antennas to achieve high vertical resolution. The WISDOM GPR, as part of the 20

rs mission, is a highly capable and challenging instrument in this context, given its fully-polarimet

nd mission constraints on the operating environment, robustness, as well as mass and size budget

paper outlines the development and characterization process of the WISDOM antenna assemb

can serve as a model for future radar systems. Furthermore, it presents the results of the anten

erization as the foundation for instrument calibration and optimal radar sounding outcomes.

rds: WISDOM, Antenna, ExoMars 2028, Rosalind Franklin rover, ground-penetrating radar (GP

roduction

nd penetrating radar is a well established

non-invasively explore the structure and ge-

f the earth’s subsurface [1]. Besides geology,

chnique has spread over a variety of fields

archaeology, mine detection and structural

ring. Depending on the different needs, in

responding author
il addresses: wolf-stefan.benedix@tu-dresden.de

efan Benedix), dirk.plettemeier@tu-dresden.de (

ttemeier), valerie.ciarletti@latmos.ipsl.fr

Ciarletti)

terms of penetration depth, resolution, and stru

tures to be detected, a multiplicity of soundi

radars were developed to operate over a speci10

frequency band, which, in turn, drives the desi

of the antenna system that ensures the necessa

transmission and reception of the electromagne

waves. But these applications are mostly operat

on earth, which facilitates a wide range of anten15

concepts with respect to mechanical and electric

requirements. For the investigation of the subs

face of other celestial bodies, however, the numb

of instruments used so far is rather limited.

t submitted to Elsevier September 28, 20
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ow, there are three ground based radars on

2–4] and two on Mars [5, 6]. All other radars

laced in orbit, and particularly the subsur-

Mars is mainly sounded by the missions

IS and SHARAD. The instrument “Mars

ed Radar for Subsurface and Ionosphere

ng” (MARSIS) on MarsExpress works in four

each of 1MHz bandwidth covering a total

cy range from 1.3MHz to 5.5MHz and pro-

depth resolution of 50m to 100m within the

face depending on the electrical properties

sounded materials. These data are supple-

by the measurements of the Shallow Radar

AD) on Mars Reconnaissance Orbiter, which

s over a bandwidth from 15MHz to 25MHz

hieves a depth resolution of 10m to 20m [7].

e radars allowed a relatively deep sounding

s’ subsurface but to the cost of a compar-

low resolution. Basically, there is a trade-

ween penetration depth, which is higher for

quencies, and the vertical resolution, which

er at high frequencies [1].

ntly, different features of the shallow-

face have become the focus of research, be-

hey are suspected to harbour traces of past

ent life [8]. However, the size of these fea-

re far below the resolution of the low fre-

sounding orbital radars and hence, the us-

high frequency, broadband radar systems is

.

that, some efforts have been made lately to

ground penetrating radars on other celestial

(Moon and Mars so far) with high frequen-

g.:

• WISDOM aboard the rover “Rosalind Frankl

of the mission ExoMars employs a Stepp55

Frequency Modulated Continuous Wa

(SFMCW) radar within the range fro

0.5GHz to 3GHz with two linear polari

tions. The initial design of the antenna syste

was presented in ([9], 2011).60

• RIMFAX on the rover Perseverance th

landed in February 2021 in Jezero Crater a

plies a gated FMCW radar in the range fro

150MHz to 1200MHz with a linear polariz

antenna [10].65

• RoSPR on the rover of Tianwen-1 uses two f

quency ranges (from 15MHz to 95MHz a

from 0.45GHz to 2.15GHz) both with gat

FMCW and its antenna system bases on th

of WISDOM [6]. For the high band a dual p70

larized antenna system is constructed as w

but with mechanically separated antennas.

A graphical classification of centre frequency a

bandwidth of some past, present and future m

sions are given in Fig. 1 based on [11]. As one c75

see: with the present and future missions to Ma

and the Moon, the frequency bandwidth rises

achieve a high-resolution image of the subsurface

Although the higher resolution enables a mo

detailed characterisation of sub-surface structur80

important information regarding the roughness a

scattering properties cannot directly be obtain

from conventional radars. In order to close th

knowledge gap, polarimetric radar systems can

employed and are widely used in earth based o85

servation to obtain information on the shape of t

reflectors detected in the subsurface or on roughne

at the buried interfaces.

2
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: Bandwidth and centre frequency of radars for spe-

r system targets [11].

is paper we focus on the design of a fully po-

ric antenna that is capable to probe the shal-

surface in the frequency range from 0.5GHz

Hz as well as to withstand the harsh con-

during the journey to and the operations

lace beyond earth. The here proposed an-

is part of the Water Ice Subsurface Deposit

ation on Mars (WISDOM) Ground Pene-

Radar (GPR) aboard the rover “Rosalind

n” [12] on the mission ExoMars [13]

DOM [8] is a purpose-built GPR for sound-

subsurface of Mars, recording geological fea-

own to a depth of 3m to 10m, depending on

terial characteristics (i. e., permittivity, con-

ty, and associated losses) of the subsurface.

M will perform radar soundings in order

the general stratigraphy of the subsurface

he rover path, to detect outcrops, sedimen-

posits, and buried objects (e. g., boulders)

erstand the geological history. The results

sounding will also be used for operational

safety assessments for the ExoMars drill, capable110

extracting samples from the Martian undergrou

down to a depth of 2m [14], far deeper than Curi

ity’s drill [15, 16].

The here proposed antenna system is arranged

that two orthogonal linear polarized waves can115

transmitted and received separately, yielding a s

of four different measurements, which carry ad

tional information on the polarization changes t

wave experiences while travelling through the su

surface. These capabilities allow greatly improv120

analysis of underground structures and target cl

sification [17].

2. Requirements and Design

The antenna design is driven by requiremen

that are derived from the WISDOM instrument125

self. This includes the electrical parameters of t

antenna, as well as the specification due to the m

sion environment, such as the mechanical fram

work and the temperature variations. Table 1 giv

an overview about the specifications considered f130

the antenna design. Compared to the initial requi

ments given in [9] there are only changes in stru

tural requirements due to change of launcher. T

scientific goals were not altered.

2.1. Electrical parameters135

The bandwidth of 2.5GHz allows a depth reso

tion of around 6 cm in free space. Assuming a re

tive permittivity εr of 4, the resolution is enhanc

to 3 cm. For the absolute frequency limits, a trad

off between the antenna size and the penetrati140

depth has to be performed. Setting the lower lim

3
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e 1: WISDOM Antennas Assembly requirements

Electrical parameters

ncy range 0.5GHz to 3.0GHz

RF power 20 dBm

ion on a 50Ω
11|)

≤ −10 dB

coupling < −15 dB

ation two linear, perpendicular
polarizations for transmitting
and receiving antenna each

a pattern directional, homogeneous main
lobe

ower Beam
(HPBW)

Θ > 20°, ΘH-plane > ΘE-plane

main beam
on

> 0 dBi, increasing with
frequency

tructural & environmental parameters

400 g

pe 410mm× 200mm× 200mm

echanical
equency

> 140 Hz

nical withstand vibration and shock
loads during all mission phases

al withstand temperatures from
−125 ◦C to 125 ◦C

MHz gives a size of antenna’s aperture of

30 cm if one takes a half wavelength as a ba-

the design. The frequency range is chosen so,

e penetration depth is at least three meters

xpected nominal conditions, i. e., in dry soil,

as containing less than 5wt% of water [18].

ctrical parameters need to be fulfilled over

ole frequency band.

idering the input RF power, the WISDOM

as Assembly (WAA) has to support an

t of 100mW RF power. For other environ-

e. g. on moon) and a higher RF power, an as-

nt on multipaction and/or corona discharge

might be necessary. As the WAA does not

contain any active components, no additional (D

power has to be supplied.

Another important set of specifications are giv

by the so called S-parameters, where the “S” mea

“scattering”. In general terms, these parameters a

used to describe the electrical behaviour of line

networks, especially for high-frequency applicatio

The here presented antenna is such a network wi

four connectors (from now on called ports) as

shown in Fig. 2. The S-parameter have the for

Si,j , which simply means: What comes out at po

i (amplitude and phase of e. g. a voltage wave) co

pared to what is put in at port j, when there is

input at all other ports k 6= j. Formally, this

written as [19]:

Sij =
V −i
V +
j

∣∣∣∣∣
V +
k =0 for k 6=j

(

For instance, if we send a voltage wave V +
1 to por

and look at the reflected wave V −1 at this po

then we can calculate S11, which is called the160

flection coefficient. If the S-parameter describes

reflection coefficient (Snn), the lower the value t

more energy is accepted at that port, which is t

preferred behaviour, since this is a prerequisite

radiate most of the available power. Also, if t165

S-parameter describes a direct coupling from tra

mitting to receiving antenna, a low value is of hi

interest.

For the proposed antenna, a reference value S

of −10 dB is used at all ports, which means th170

10% of the RF power can be reflected at the a

tenna port. In the following, this reflection co

ficient is always considered with respect to a 50

system.

4
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Port 1

Port 2

Port 3

Port 4

: Top view of the antenna with the numbering of

ort 1 and Port 2 are for the transmitting antenna

s, Port 3 and Port 4 are for the receiving elements.

der to characterize the subsurface in terms

rization effects, two separate and orthogonal,

olarizations need to be transmitted and re-

by the antenna system. Hence, separate an-

for transmission and reception are necessary.

ransmitter and receiver operate simultane-

part of the radiated power is directly trans-

to the receiver. This unwanted direct cou-

educes the dynamic range available for the

ignal coming from the (sub-) surface. Hence,

rt should be minimized.

idering the antenna pattern, the following

ments drive the antenna’s design:

ain in main beam direction (referred to

gain hereafter if not stated otherwise). Gain

ould increase with frequency, as loss due to

e properties of the sounded materials (per

it of distance) and spreading loss increase

th frequency. A gain of > 0 dBi partly com-

nsates for the spreading loss [20].

eneral shape: For the WISDOM instru-

ent, it is advantageous to have a wide beam

the H-plane and a narrow one in the E-plane

over the whole frequency range, as this allo

a sampling as shown in Fig. 3.

• Half-Power Beam Width (HPBW): Th200

is the angle of the direction relative to t

main lobe direction, where the radiated pow

is halved. If the height over ground is 38 c

(which is the case with the ExoMars-Rover) t

minimum HPBW of 20° yields a sufficient ov205

lapping of an ideal footprint ellipse as indicat

in Fig. 3.

Where applicable, the antenna parameters a

given with respect to the far field of the anten

This is a region, where the shape of the radiati210

pattern is independent of the distance to the a

tenna and the electromagnetic wave is a plane wa

[21]. Conversely, the near field surrounds the a

tenna immediately but here the pattern depen

on the distance, where it is recorded. Therefo215

the pattern in far field is primarily used for co

paring antennas. In theory, the far field is given

infinite distance. Consequently, an error must

accepted for practical measurements. In this pap

the pattern is measured in near field and the da220

is transformed to far field [22]. The gain measu

ment is based on a minimum distance as defined

[23].

2.2. Environmental parameters

The environmental requirements are defined225

mission and operational constraints. They ensu

feasibility of the cruise to and landing on Ma

and safe rover operations. They define the gener

framework within which the electrical antenna d

sign must be realized. Some of the electrical requi230

5
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mitting
tenna 0

mitting
tenna 1

Receiving
antenna 0

Receiving
antenna 1

Rover

Direction of motion

: Scanning scheme that can be achieved with the

sign; view from above, not to scale.

had to be relaxed to fulfil the mechanical

ters. This is discussed below.

temperature range that the antenna has to

nd is bounded by the following two require-

Since the antenna is mounted on the out-

the Rover, it is exposed to the Martian at-

ere. No thermal control unit was planned

WAA, therefore, a minimum temperature

0 ◦C must be tolerated [24–26]. In contrast,

ximum temperature of 125 ◦C is defined by

y-Heat Microbial Reduction (DHMR) proce-

ere, the antenna is treated with dry hot air

um water content 1.2 g/kg) for a duration of

ours on that temperature. This procedure

ired for the purpose of planetary protection

ctivates a population of microorganisms by

agnitudes, i. e., 99.9%.

the requirements outlined above, the Vi-

ntenna design [27] was chosen as the foun-

for the WAA [28, 29]: A Printed Circuit

(PCB) based design made of a single copper

minated onto a Glass-fiber Reinforced Plas-

RP) substrate is used, and the reverse side

280mm

16
0
m
m

Figure 4: Design of the basic element for the WISDOM

tenna, consisting of two Vivaldi tapered slot antennas. T

PCB is made of a substrate (olive-green) that carries t

metal layer (orange). The feeding structure on the backs

is shown in Fig. 5.

Figure 5: Two-element array reverse side (detailed vie

with the principal divider and feeding structure.

hosts the feeding structure. The copper is coat

with gold to prevent it from oxidising.255

To circumvent the challenges of crossing a sing

Vivaldi slot antenna, which are

• placing the feedings points of both anten

blades at the same place and

• aligning the small slots properly,260

an array of two Vivaldi structures on a single PC

as shown in Fig. 4, was created.

A useful side effect of this approach is a reduc

height compared to a single slot variant. This d

sign again needs less stiffening structures, since t265

first mechanical self-resonance is shifted towards

higher frequency.

The two-element array design, of course, has tw

feeding points, and therefore needs an addition

power divider/combiner. Initially, a classic fi270

stage Wilkinson divider [30] was implemented [3

6
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18
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: Final model of the WISDOM Antennas Assembly

etched onto the same substrate as the an-

tructure itself, then bent by 90°, and glued

e baseplate, in order to comply to the spa-

ension requirements for the WAA. However,

rostrip lines connecting the divider with the

ints were very sensitive to the manufactur-

cess and broke easily, causing disconnect,

ereby complete loss of functionality. After a

ff analysis between reliability, size and elec-

arameters, a final version, shown in Fig. 5,

. It is much smaller and fits on the an-

blade without bending. Due to the shorter

trip lines, the losses are lower (i. e., higher

ission) for the small divider, as can be seen

7b. Reflection coefficients for any port n

s shown in Fig. 7a are acceptable but higher

r the first design.

overall mechanical design presented in Fig. 6

s of lightweight-construction plates with a

omb support shape used to strengthen the

a elements as well as the baseplate. All

cement is made of GFRP, except for the

te, where aluminium honeycomb with 6mm

was used. An additional frame around

0.5 1.0 1.5 2.0 2.5
Frequency in GHz

−60

−50

−40

−30

−20

−10
−5

| S
nm

| i
n

dB

S11
S22

S

1
(a) Reflection coefficient and crosstalk of the old (dashed lin

and new (solid lines) divider.

0.5 1.0 1.5 2.0 2.5
Frequency in GHz

−5.0

−4.5

−4.0

−3.5

−3.0

| S
nm

| i
n

dB

S21 S

1
(b) Transmission of the old (dashed lines) and new (solid lin

divider.

Figure 7: Measured scattering parameters of the used pow

divider/combiner compared to a former, larger design

the lower end of the antenna further stiffens t

structure and enhances stability. The antenna

mounted by nine screws (M5) from the top side. F

this, nine steel inserts are bonded into the basepla

This stiff and reliable construction (as the results300

the environmental tests show in Section 4) sums

to a total weight of 535 g. The antenna placeme

at the rear of the rover is shown in Fig. 8.

For the sake of simplicity and to save mass, we d

cided to go without a cover, initially designed to p305

tect the WAA from the Martian dust. This decisi

is supported by an experiment, where the influen

of dust on the antenna performance was inves

gated. The basic idea of this experiment is to set

two single antenna blades facing to each other, p310

larization matched in far-field. Fig. 9a shows one

7
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Figure 8
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: The WISDOM antenna is placed at the rear of the

Franklin Rover. In nominal condition, the antenna

is located 38 cm above ground. Modified capture

].

blades in the original state. After an accu-

itial characterization of the transfer function

clean blade, a series of measurements have

erformed with the blade covered with dust.

ars-like regolith MRS (Mars Regolith Simu-

]) is used for two different configurations: a

yer where the blade is totally covered with

shown in Fig. 9b and a thinner one where

de is only partially covered (see Fig. 9c). The

in the transfer function is recorded in each

his change represents the difference of gain

main direction normalized by the value mea-

n a clean blade and is presented in Fig. 10.

that the effect of the dust is very limited

an 0.3 dB) for the thin layer and that, for

er layer, the effect is more important (up to

3 dB) especially at frequencies higher than

Here, a thick layer of MRS reduces the gain

ost 3 dB at 3GHz. This frequency depen-

ehaviour (decrease of gain with increasing

cy) can be simulated by modelling a 2mm

ayer of material with a permittivity εr of 4

and dielectric losses tan δ of 10−2, which gives t

best match to the measured values. However, a th335

layer as in Fig. 9c reduces the gain less than 0.5 d

To test how thick a layer of dust on the anten

might grow, the blade was placed at an angle in

container and sprinkled with MRS, as in Fig.

Even under this oblique arrangement, only a lit340

MRS remains. In conclusion, we are confident du

will not have any significant effect on the antenn

performances.

(a) (b)

(c) (d)

Figure 9: Experimental investigation of the influence of M

dust on the antenna performance: (a) Original state of

antenna blade; (b) thick layer and (c) thin layer of MRS

the antenna blade; (d) Test of the accumulation of dust

a slanted antenna blade.

3. Electrical Characteristics – Simulatio

and Test345

The knowledge of the antenna parameters li

gain, pattern and direct coupling is mandatory f

modelling the behaviour of the GPR and hence, f

interpreting the data gathered during surveys [3

8
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1
0: Influence of different MRS-layers on the antenna

ction covers the electromagnetic (EM) be-

r of the WAA, from simulations as well as

easurements. ANSYS HFSS was used for

simulations, a software tool based on the

Elements Method (FEM) [35].

lations were run with a simplified model as

in Fig. 11. In order to reduce computational

es, the following simplifications are applied:

e GFRP honeycomb support frame was

itted. Due to the low volume fraction and

relative permittivity of GFRP [36], the in-

ence of this frame on the general result is

pected to be low to negligible.

e 3D copper layers were replaced by sheet

ments of finite conductivity. It is com-

on practice to approximate very thin metallic

uctures by sheets, i. e., elements with zero

ickness, in simulation setups.

e baseplate aluminium honeycomb was re-

aced by solid aluminium. The honeycomb

acing of 6mm does not influence the EM

operties in the considered frequency range,

effectively functions as a reflective wire

reen [37].

H-plane

E-p
lan
e

Figure 11: WAA simplified EM simulation model with a 3

pattern at 2GHz that is produced by the hatched anten

blade. For the later shown pattern, the cut of this patte

by the pink plane is the H-plane, while the E-plane coincid

with the hatched blade.

• The coaxial feed connector was replaced by

simple microstrip feeding, as both can be375

sumed to be reasonably well-matched.

For the measurement of the antenna paramete

the so called Flight Model (FM) was used, which

the model that has been integrated to the Rosali

Franklin Rover. This model is identical in constru380

tion with the Engineering and Qualification Mod

(EQM), that has been used for environmental te

ing in Section 4.

3.1. Scattering Parameters

Measurements for reflections and coupling we385

carried out in the anechoic chamber of the RF Cha

at TU Dresden. As shown in Fig. 12, the WA

was placed onto a tower of polystyrene boxes

mechanical support. The boxes’ influence on t

electromagnetic behaviour of the antenna can390

9
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2: WAA measurement setup for reflection coefficient.

enna is placed on top of a polystyrene tower facing

bsorber wall in a distance of 2.4m.

1.0 1.5 2.0 2.5 3.0
Frequency in GHz

S11
S22
S33
S44

1
3: Reflection coefficient of all four ports, simulated

lines) and measured (solid lines).

ed in the investigated frequency range. The

eam is directed to the absorber wall at a

e of 2.4m, which is beyond the calculated

m far-field distance of 1.57m at 3GHz ac-

to [23]. With a 4-port Agilent E8364B

Network Analyzer (VNA), the S-parameters

corded after all environmental tests includ-

g Term Thermal Vacuum (LTTV) were ex-

.

measured values are presented in Fig. 13 and

pared to simulated values (dashed lines).

ection coefficient reaches −5 dB in the range

from 0.5GHz to 0.6GHz, which is caused by t

power divider. In the remaining frequency ran

up to 3GHz, the reflection coefficient on Port 1405

−7 dB at worst. The reflection coefficient on t

other ports is better than −8 dB. The frequen

shift can be explained by the differences betwe

the simulation model and the real model, as d

scribed above.410

3.2. Antenna Pattern

The patterns were measured with a spheric

near-field scanner NSI 700-30 in combination wi

an Agilent E8361A VNA in the same anecho

chamber. For the probe antenna, an RFsp415

DRH400 was employed. The results are shown

Figure 14. Here, simulated and measured anten

pattern at several frequency points in both E- a

H-plane are presented.

The presented pattern show a wide H-plane a420

narrow E-plane as required in Section 2. Arou

the centre frequency (see pattern for 1GHz a

2GHz) the deviation between measurement a

simulation is negligible, especially towards the ma

beam direction. Although a simple Vivaldi anten425

would exhibit a symmetrical pattern, here the pro

imity of the transmitting and receiving antenn

distorts the pattern. Compared to the higher f

quencies, the radiation characteristics at 0.5GH

indicates a larger deviation between simulation a430

measurement, especially in the E-plane. This

most probably caused by coupling with the sph

ical scanning system and performance degradati

of the anechoic chamber below 1GHz. At arou

2GHz, side lobes begin to arise and become a co435

paratively large portion of the pattern at 3GH

10
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(d) 3.0GHz

4: Normalized antenna pattern (in dB) of Port 1 in both principal planes: measured E-plane, simulated E-pla

sured H-plane and simulated H-plane.

turn decreases the power to the main beam

n. In Fig. 15, the measured HPBW of Port 1

ed versus frequency for both E- and H-plane

compared to the simulation results. The

f simulated and measured data show a simi-

pe with an acceptable deviation.

ealized Gain

surements were performed in the anechoic

er with an Agilent FieldFox N9918A VNA,

0.5 1.0 1.5 2.0 2.5
Frequency in GHz

50

100

150

200

250

H
PB

W
in

de
g

Measured E-plan
Measured H-plan
Simulated E-plan
Simulated H-plan

1
Figure 15: Measured and simulated HPBW of Port 1 of t

WAA. The horizontal line at 20° is the requested minimu
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ing the well-known three-antenna method

he results of these measurements are shown

16, together with simulation results. Again,

the imperfections of the anechoic chamber

be antenna receives the signal via multiple

ission paths, causing clearly visible interfer-

his leads to strong deviations compared to

ulation results. By applying a time gating

hm (in the VNA), the indirect paths are sup-

, and the graph is much smoother, and also

h better agreement with the simulation re-

Realized gain is increasing with frequency

.6GHz, which is wanted to reduce spreading

ee space loss) and material losses. Above

quency, the side lobe power becomes so high

e power in main beam direction decreases.

irect Coupling

ct coupling between transmitting and receiv-

enna should be as low as possible to improve

amic range of the system on one hand. On

er hand, direct coupling is the earliest signal

received through the antennas and most of

e the strongest one, which gives a reliable

for long term reference being on Mars.

lation and measurement results are shown

17. As can be seen, in the lower band from

z to 1.6GHz the coupling is within the range

round −20 dB to −25 dB, with a maximum

ox. −17.3 dB at 0.7GHz. At about 1.6GHz,

s a sharp decline. Until up to the nomi-

ximum frequency of 3GHz the coupling is

at worst.
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Figure 16: Measured and simulated realized gain of the

tenna blade fed from Port 1 of the WAA.
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Figure 17: Measured and simulated coupling of the WAA

4. Qualification

The qualification process encompasses asse

ments of the materials and manufacturing process480

as well as environmental tests. The antenna has

withstand several stress tests, such as thermal

cling and mechanical loads. For this purpose t

EQM was used. For the sake of clarity, the follo

ing diagrams only show a representative section485

the measurements.

4.1. Thermal Cycling

For the thermal environment qualification, t

EQM shall withstand 130 ◦C and −130 ◦C, whi

is the requested temperature range with an ext490

qualification margin of ±10K. In total, eight cyc

have to be passed.

While the first cycle spans the full temperatu

range at below 1mPa, the subsequent cycles sim

12
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coaxial cables

USB RF 
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8: Setup to measure the reflection coefficient during

cycling.

Mars analogue atmosphere at 700Pa of Ni-

with a reduced maximum temperature of

The duration at the hottest/coldest points

posed by three states, which are: (1) ini-

bilization, where the target temperature is

within ±0.5 ◦C, followed by (2) a stabiliza-

ase of four hours, where the temperature

tay within ±0.25 ◦C and (3) an additional

ime of 2 h. The test was done in a Thermal

Chamber (TVC) as shown in Fig. 19a and

shows the plots of temperature and pressure

that qualification test.

re and after the full test, as well as after

well time, the reflection coefficient was mea-

ith a setup illustrated in Fig. 18. Via a feed-

h, the ports of the antenna inside the thermal

chamber are connected to an Agilent N9918

utside. An RF switch enables the sequential

ement of all four antenna ports with the two

f the VNA.

re 21a shows the measured values of the re-

coefficient on Port 1 during the first cycle.

red to the measurement of reflection coeffi-

ithin the anechoic chamber, this time the

antenna is surrounded by the metallic vessel of t

Thermal Vacuum Chamber (TVC) within the ne520

field of the antenna. Hence, due to reflections

these metallic walls, the values differ significant

from those taken in the anechoic chamber (compa

with Fig. 13). Therefore, these values can only

considered as a health status rather than a referen525

for GPR post-processing.

The reflection coefficient on Port 1 at ambie

temperature together with the maximum values

all hot and cold measurements is shown in F

ure 21b, giving an estimate of the expected wor530

case behaviour. Although the difference is as mu

as 3 dB at 0.8GHz, the total magnitude is alwa

lower than −3 dB, which is considered acceptabl

4.2. Vibration

Figure 19b shows one of the arrangements for t535

mechanical vibration tests that consist of sinusoid

and random excitations along all three axes. Fro

simulations results of the mechanical behavio

three spots (stiffest/most fragile) on the structu

were chosen to be monitored with acceleromete540

as can be seen in Fig. 22.

Between each single load test a resonance sear

was performed, the antenna structure was check

visually, and the functionality was again check

by measuring the reflection coefficient. In this ca545

the resonance search was a sinusoidal sweep fro

5Hz to 2000Hz. This allows the natural freque

cies to be recognised. In addition, one can dete

changes in the structure, which may be caused

any of the load tests. As shown in Fig. 23, the d550

ference between initial and final resonance search

13
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VC test setup, with WAA placed on a copper shroud (b) Vibration test setup, with WAA bolted to the vibration ta

here in y-direction

Figure 19: Environmental test setups
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1
0: Temperature and pressure during the thermal

tion test of the EQM.

ble, which means that the antenna structure

no damages due to those load tests.

her test was the shock test, which will not

lined in this article, since the procedure is

to that of the vibration test. Here, the an-

s exposed to a short impact, that has to fulfil

acceleration spectrum.

ng Term Thermal Test

hermore, a long term cycling test was per-

. The aim of this test was to verify that the

M antenna survives the planned life span.

ieve this, the antenna was exposed to 327 cy-

cles (218 sols extended mission time multiplied

a safety factor of 1.5) under a Mars analogue atm565

sphere with 700Pa of Nitrogen atmosphere. Th

test was carried out in a smaller TVC than for t

qualification test, see Fig. 24.

The temperature range was set between 75

(hot point) and −125 ◦C (cold point). The dw570

time was reduced to 15min only, since in this te

the transitions between hot and cold points was t

main focus. During the test, the transition rate w

set to 6Kmin−1. With all these settings, the te

ran for almost 75 days.575

During the whole time, a measurement of all fo

ports was carried out every 5min to check antenna

operational state. In Fig. 25, the reflection coe

cient on Port 1 of the first measurement (ambien

is plotted. A second graph shows the maximu580

magnitude that occurred during the whole test f

each single frequency, in order to check for failur

If a failure (e. g. interrupted or short-circuited lin

had occurred, this would have resulted in a ma

imum value of 0 dB, which is not the case. T585
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(b) Magnitude of reflection coefficient on Port 1 of ambient te

perature and the maximum values of all cycles

Figure 21: Results of reflection coefficient measurement during thermal cycling

2: Vibration test of the WAA; arrows point at ac-

eters. The third accelerometer is on the far side, in

dle of the strut.

101 102 103

Frequency in Hz

Before all vibration tests
After all vibration tests

1
3: Resonance search of the antenna structure before

r all vibration tests. The plot shows the acceleration

r A3 (see Fig. 22) in y direction. The first resonance

y appears at around 347Hz, which is far beyond the

point of 140Hz.

Figure 24: The EQM installed in the smaller TVC for t

Long Term Thermal Cycling.

reflection coefficient behaves differently compar

to that recorded during the qualification, since th

chamber is much smaller.

After all environmental tests, a measurement

the scattering parameters was done in the anecho590

chamber and compared to the state before all tes

Fig. 26 shows the reflection coefficient at Port 1 b

fore and after testing. As can be seen, the impa

of all tests on the reflection coefficient is low enou

to be accepted: in regions where S11 > −10 dB t595

performance degradation is below 1 dB at worst.

The EQM passed all environmental tests witho

any issues.
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6: Measurement of the reflection coefficient on Port 1

oic chamber before and after all environmental tests:

-vacuum, vibration, shock and long-term thermal cy-

nclusion

des the ordinary design goals for GPR-

as, the construction of a rover based space

a has to deal with a number of further chal-

such as the electrical large gap between an-

and ground, mechanically stable construc-

nd usage of space qualified materials.

achieved values for the given requirements

able 1 are summarized in Table 2. The

ng is not fully compliant to the requirement

10 dB. The impact will be that at some fre-

s the returned signal power is higher than

d. Therefore, the realized gain is lower at

anges. For the RF components of the WIS-

DOM electronic unit, this higher returned power

not an issue, however.

The lowest realized gain is around 0.7 dB belo615

the requested value of 0 dBi at the lower frequen

limit. Further, it was required that the gain in ma

beam direction shall increase with frequency to co

pensate for the increasing loss. Up to 2.6GHz th

is achieved. Because of increasing side lobes abo620

that frequency, the gain decreases. This behavio

will be compensated by calibrating the whole s

tem with the cost of some dynamic loss.

In this paper we presented the basic design a

the antenna parameters – both of simulation a625

measurement – such as reflection coefficient, p

tern, gain, and coupling of the WISDOM GPR a

tenna for the ExoMars Rover. As outlined in deta

the antenna passed all required tests for space en

ronment.630
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le 2: Achieved values of the WISDOM antenna

Electrical parameters achieved

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

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

ion on a 50Ω
11|)

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

coupling < −17.3 dB, see Fig. 17

ation Two linear, perpendicular
polarizations are achieved by
design.

a pattern Above 1GHz there is a clear
directional, homogeneous main
lobe, see Fig. 14.

Θ ≥ 20°, ΘH-plane > ΘE-plane,
see Fig. 15

main beam
on

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

tural & environmental parameters achieved

535 g

pe 410mm× 199mm× 178mm

echanical
equency

347 Hz, see Fig. 23

nical Passed all vibration and shock
tests

al Passed all thermal vacuum tests,
see Fig. 21b and Fig. 25
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WISDOM will reveal the shallow subsurface of Oxia Planum.

Lightweight, ultra wideband antenna system supports the radar performance.

Stiff and rugged antenna design withstands the Mars environment.
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