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ABSTRACT: An antenna operating between 300MHz and 700MHz, designed to be used on a ground penetrating radar installed on an
Unmanned Aerial Vehicle (UAV) for the exploration and characterization of the buried ice deposits on Mars, is presented. To this end, a
lightweight, high-gain Vivaldi antenna having compact dimensions and high operating bandwidth has been taken into consideration. This
antenna, equipped with circular-loaded rectangular slots etched on its radiating arms, exhibits improved performance in terms of size,
return loss, gain, and fidelity factor with respect to a conventional antipodal Vivaldi antenna. Experimental measurements performed on
a prototype of the Vivaldi antenna with slots showed a return loss lower than −12 dB with realized gains between 4 dBi and 6.5 dBi in
the 300–700MHz frequency band.

1. INTRODUCTION

The analysis and design of an antenna for a Ground Pene-
trating Radar (GPR) [1], useful to be installed on a drone,

whose purpose will be the search for water ice in the first me-
ters of depth of the Martian subsurface, is presented. Knowl-
edge of the water ice location will enable on-site production
of hydrogen and oxygen to power robotic missions or any fu-
ture human exploration. The use of drones in the extremely
rarefied atmosphere of Mars was demonstrated by the Mars
helicopter, better known as Ingenuity, which operates on the
planet Mars as part of the NASA mission “Mars 2020” [2]. In
its first flight, performed on April 19, 2021, Ingenuity took off,
reaching approximately 3 meters off the ground, completed a
turn and then landed. Subsequently, the drone successfully per-
formed further experimental flights covering ever greater dis-
tance and higher altitudes. To characterize the geometry and
depth of the ice in the subsurface layers of the Martian crust,
ESA has brought the Mars Express satellite into Mars orbit.
This satellite was equipped with various instruments includ-
ing the Mars Advanced Radar for Subsurface and Ionosphere
Sounding (MARSIS) [3] a sub-surface sounding radar altime-
ter [4]. In the future developments of the ESA mission, the
launch of another satellite equipped with a GPR installed on a
drone is foreseen.To obtain a range resolution of at least 15 cm
in the medium (assuming a basaltic soil with dielectric constant
equal to 9), a radar pulse duration of about 3 ns, and therefore a
band of about 400MHz, is necessary. Furthermore, the Radar
must be able to operate up to a depth of about 5meters so, to
reduce the attenuation through the mars ground and keep the
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dimensions of the antenna acceptable, a center frequency of
about 500MHz can be used. To this end, the GPR should be
equipped with a light and compact antenna suitable to operate
between 300MHz and 700MHz. To meet these requirements,
planar printed antennas such as Vivaldi, log-periodic, sinuous
and bow-tie antennas appear to be good candidates.
As well known, Vivaldi antennas can be either coplanar or

antipodal [5, 6]. Two metallic arms, having exponential pro-
file, are printed over a dielectric substrate in the so called copla-
nar configuration. The feeding circuit, made with a microstrip
loaded with a quarter wave radial stub located on the bottom
side of the substrate, crosses the antenna radiating arms. To
simplify the feeding circuit, the so-called antipodal Vivaldi an-
tenna was developed. It provides the printing of the radiating
arms on both faces of a dielectric substrate, thus allowing a di-
rect connection of both arms to a simple connector. The Vivaldi
antenna was first proposed by Gibson to be integrated into a
video receiver operating between 8GHz and 40GHz [5]. An
antipodal Vivaldi antenna with resistive layer was presented
in [6]. The antenna operates over the frequency band from
3.1GHz to 10.6GHz with a gain between 4 dBi and 11 dBi
in the specified band. Although the Vivaldi antenna was ini-
tially conceived for applications in the microwave band, a re-
alization in the UHF band with a reflection coefficient lower
than −6 dB from 125MHz up to 900MHz and a gain greater
than 3 dB above 320MHz, was suggested in [7]. This antenna
was realized on a flexible silicone foam substrate with dimen-
sions 600 × 600mm2. A Vivaldi antenna, having dimensions
530× 793mm2 and a reflection coefficient lower than −10 dB
in the frequency band between 253MHz and 513MHz with a
maximum gain of 6.6 dBi at 469MHz, was used as a sensor
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for a GPR in [8]. An antipodal Vivaldi antenna for detecting
UHF signals radiated by electrical discharges in high voltage
transformers was proposed in [9]. To improve the performances
of the antenna, some slits were engraved on its radiating arms.
These slots focus the surface currents on the inner edge of the
radiating arms with a consequent increase in the radiated en-
ergy and gain, particularly in the lower end of frequency band
where an improvement in antenna matching impedance is also
obtained. Doing so, the realized antenna exhibits a frequency
band between 0.8GHz and 3GHz with a gain of −3 dBi at
1GHz and 9 dBi at 3GHz [9]. A Vivaldi antenna, for an aircraft
mountedGPR system for detecting buriedmines, was described
in [10]. To extend the antenna impedance band towards low fre-
quencies, without changing the antenna size (220× 220mm2),
a set of non-symmetrical rectangular corrugations was realized
on the non-radiating side of the antenna. In this way, a reflec-
tion coefficient less than −7 dB in the frequency band between
600MHz and 3000MHz and a gain increasing with the fre-
quency between 6 dBi and 12 dBi was achieved.
Printed log-periodic antennas consist of a series of dipoles,

all fed and aligned along an axis orthogonal to the feeding line,
whose lengths vary according to the logarithm of the working
frequency. Each dipole resonates at the frequency at which its
length is approximately equal to half the wavelength. In reso-
nance condition, dipoles of greater length act as reflectors while
dipoles of shorter length act as directors. The overall frequency
response of the antenna is sufficiently flat when the tails of
the radiated fields from the various elementary radiators con-
structively add up in the desired frequency band.These anten-
nas are usually made with metal dipoles in air or printed on a
planar dielectric substrate. In the latter case, a compact, light,
robust and low-cost antenna is obtained. Carrel, in 1961, in-
troduced a mathematical model for the analysis of LPDA, the
results of which agreed reasonably well with the experimental
values [11]. A PLPDA with 12 dipoles suitable to operate in
a frequency band between 0.8GHz and 2.5GHz was designed
in [12]. The realized antenna presented a reflection coefficient
lower than −12 dB and a gain ranging between 4.5 dBi and
6.3 dBi in the band of interest. A log-periodic antenna with 10
dipoles operating between 0.8GHz and 6GHz was proposed
in [13]. Unlike the usual LPDAs, in this antenna the feeding
connector has been connected near the shortest dipole obtain-
ing a reflection coefficient always lower than -10 dB and a gain
of about 4 dBi in the considered band. To reduce the antenna
dimensions, widening the working band, all the dipoles were
shaped like a bow-tie [14, 15], while only the longest dipole was
replaced with a triangular shaped dipole in [16]. In any case,
due to the different resonant processes taking place in the dif-
ferent dipoles that make up a log-periodic antenna, the ringing
level is not compatible with time-domain pulsed applications.
The sinuous antenna, first proposed in a patent by DuHamel

in 1987 [17], has four arms, each shifted 90◦ away from each
other appearing as a combination of a spiral and a logarith-
mic antenna. This geometry enables sinuous antennas to have
wide impedance bandwidth with polarization diversity. More-
over, since any pair of antenna arms that are opposite to each
other are excited via a balun, it is possible to excite a field with
left circular polarization (LHCP) or right circular polarization

(RHCP), respectively. As the log-periodic antennas, sinuous
antennas suffer from resonances that produce late time ring-
ing which is particularly problematic for sensing applications.
To remove this drawback, a novel truncation method suitable
to avoid the sharp end resonance was presented in [18], while
some technical solutions aimed to ensure the optimal trade-off
between antenna size and radiation behavior were presented
in [19]. To this end, modifications of the antenna geometry
based on the meandering as well as on the loading with di-
electric structures were proposed. Only a few works have re-
ported sinuous antennas operating in the UHF band. In [20],
the design of a compact dually polarized antenna, working in
the 500MHz–3000MHz frequency range, was proposed. The
antenna diameter was 250mm, and a ground plane of dimen-
sion 250mm × 250mm, 30mm behind the slot antenna was
employed to achieve a directive radiation pattern. The antenna
proposed in [21] had an impedance bandwidth in the range of
0.45GHz–6GHz with a reference impedance of 100 ohms and
a diameter of about 290m. The performance of the fabricated
antenna with wideband balun was verified evidencing a gain
between −1 dBi and 5.5 dBi.
A bow-tie antenna consists of two triangular arms etched

on a planar substrate and fed at the arms’ apex. The first
comprehensive investigation of the input impedance and ra-
diative performances from bow-tie antennas was performed
by Brown and Woodward in 1952 [22]. Their investigations
showed that unipolar bow-ties are more broadband than cylin-
drical monopoles, though they are less broadband than corre-
sponding conical monopoles. To minimize the late ringing time
of the antenna, caused by surface current reflections, resistive
loading has been suggested in [23, 24]. In particular, the an-
tenna presented in [24] was based on a wire bow-tie structure
with resistors of different values placed on the radiating ele-
ments. In [25], size reduction was achieved by using a dual-
layer bow-tie with a folded structure and meandered microstrip
lines on the backside of the antenna. In the reported applica-
tions bow-tie antennas were employed for underground moni-
toring and for medical diagnostics and optimized to operate in
contact with a dielectric medium. To enhance the free-space
radiation characteristics of the bowtie antenna, a cavity-backed
structure was utilized [26]. The antenna prototype was matched
in the 2GHz–5.5GHz band with a gain ranging between 8 dBi
and 10 dBi. A −10 dB impedance bandwidth of 97.9% with a
broadside gain of at least 2 dBi was obtained inserting radially
aligned grooves in the radiators’ ends [27].
In order to mitigate the back radiation level and to ensure uni-

directional far-field radiation patterns both sinuous and bow-tie
antennas are equipped with absorbing cavities which reduces
antenna efficiency and bandwidth. Furthermore, both anten-
nas have a beam-former circuitry necessary for the proper cur-
rent arms phasing, making the manufacture of these antennas
rather complex and expensive. Concerning log periodic anten-
nas, they are made up of a cascade of resonant elements and
therefore have high ringing and low gains.
Based on the considerations discussed above, a Vivaldi ge-

ometry was chosen to be used in the 300MHz–700MHz band
in a drone land survey radar. In particular, an antipodal Vivaldi
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FIGURE 1. Geometry of the standard antipodal Vivaldi antenna. FIGURE 2. Geometry of the antipodal Vivaldi antenna with circularly-
loaded rectangular slots.

antenna, equipped with suitable rectangular slots loaded with
circular terminations in order to improve its gain, return loss
and to reduce its overall dimensions, is presented in this paper.

2. ANTENNA DESIGN METHODOLOGIES

2.1. Standard Antipodal Vivaldi Antenna
Figure 1 shows the geometry of a standard antipodal Vivaldi
antenna.
The exponential profile curves in the region between 0 and

LF can be described by the following equations [7]:

y1T (z) = AT + emz 0 < z < LF (1)

y2T (z) = BT + enz 0<z<

(
1

n

)
ln
(
WS

2
−BT

)
(2)

y1B (z) = − (AB + emz) 0 < z < LF (3)

y2B (z) = − (BB+enz) 0<z<

(
1

n

)
ln
(
WS

2
−BB

)
(4)

wherem and n are parameters defining the growth of the curve,
while A and B are constants representing the value of y(z) at
z = 0.
Once WS , LF , and LF1 have been identified, the equations

defining the parametersm and n can be computed as:

m =
1

LF
· ln

(
WS

2
−AT

)
(5)

n =
1

LF1
· ln

(
WS

2
−BT

)
(6)

The exponential profile curves, in the spatial region between
−LG and 0, employed to improve the antenna impedance
matching are described by the following equations:

y3B (z) = −AB − 2 + enz − LG < z < 0 (7)

y4B (z) = −BB − enz − LG < z < 0 (8)

Finally, a rectangular ground plane of length G and widthWG

is added near the connector location (see Fig. 1). The width of
the feeding microstrip wm useful to realize a 50Ω microstrip
line can be obtained using the equations reported in [28].

2.2. Vivaldi Antipodal Antenna with Circularly-Loaded Rectan-
gular Slots
To improve the performance of the Vivaldi antenna, circularly-
loaded rectangular slots can be etched on the antenna
arms [9, 29]. As shown in Fig. 2, the etches are characterized
by their width (s), length (d), radius of the circular termination
(R), and position (z). The remaining parts of the structure are
the same as the standard antipodal Vivaldi antenna described
above.

2.3. Fidelity Factor
An important characteristic of a UWB antenna is the fidelity
factor defined as the peak value of the cross-correlation func-
tion between the observed pulse s2(t) (electric field) at a given
distance from the antenna and the antenna exciting pulse s1(t)
(input voltage):

F =

∫ +∞
−∞ s1(t) · s2(t+ τ)dt√∫ +∞

−∞ s12 (t)dt
√∫ +∞

−∞ s22 (t)dt
(9)

where τ is the time delay maximizing F [30].

3. RESULTS AND DISCUSSION
All the considered antennas were designed using an FR4 sub-
strate (εr = 4.4, tan δ = 0.015) with thickness H = 1.6mm.
The electromagnetic performances of all the considered anten-
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AT = AB −2.45mm BT = BB 0.45mm
m 0.01157 n 0.028912
LF 495mm LF1 200mm
LG 91.37mm G 29.24mm
WS 650mm LS 615.6mm

Table 1. Parameters of the standard antipodal Vivaldi antenna.
FIGURE 3. Magnitude of the computed reflection coefficient of
the Vivaldi antenna.

(a) (b) (c)

FIGURE 4. Radiation patterns of the standard Vivaldi antenna at (a) 300MHz, (b) 500MHz and (c) 700MHz.

nas were evaluated using the CST Studio Suite full-wave soft-
ware.

3.1. Design of the Vivaldi Antipodal Standard Antenna
The first designed antenna is the antipodal Vivaldi
antenna. Following the indications given in [6],

W = LF = c
fmin

√
2

εr+1 = 600mm was set. Parameters AB ,
AT , BB , and BT in Eqs. (1)–(8) have been defined in order
to have a feeding line characteristic impedance equal to 50Ω.
For the considered substrate wm = 2.86mm is required [28]
that has been achieved by choosing AT = AB = −2.45mm
and BT = BB = 0.45mm. Furthermore, LF1 = 200mm,
LG = 80mm and G = 20mm were set. The geometric
antenna parameters LF1, LG,G,m and n have been optimized
using the Trust Region Framework optimizer available in
CST Microwave Studio. In particular, to take into account
variations caused by material and manufacturing tolerances,
the threshold of the parameter |S11|dB was chosen equal to
−13 dB in the band of interest. After optimization the values
reported in Table 1 have been obtained.
The excitation signal employed to evaluate the antenna fi-

delity factor is a Gaussian modulated sinusoid:

s1 (t) = e
−(t−t0)2

2σ2 cos(2πf0t) (10)

where: f0 = fMAX+fMIN
2 , B = fMAX − fMIN, σ = 1√

2B
, t0 =

5√
2B

, fMIN = 300MHz, and fMAX = 700MHz. The signal

s2(t) was evaluated in the antenna far field at a 2m distance
from the antenna center. A fidelity factor equal to F = 0.9852
was computed for this antenna.
A computed reflection coefficient lower than −10.5 dB in

the 300MHz–700MHz frequency band is observed in Fig. 3.
The −13 dB goal is not reached by the optimizer, but in any
case a good matching is obtained in the whole frequency band.
Fig. 4 shows the antenna radiation patterns at (a) 300MHz, (b)
500MHz, and (c) 700MHz. From these figures it appears that
the antenna exhibits a realized gain of 2.74 dBi, 6.63 dBi, and
7.13 dBi at 300MHz, 500MHz and 700MHz, respectively.

3.2. Design of a Vivaldi Antipodal Antenna with Circular-Ended
Rectangular Slots
To improve the performance of the standard Vivaldi antenna
three circular-ended rectangular slots have been added to the
top and bottom radiating arms (see Fig. 2). The optimization
of the antenna parameters was performed with the Trust Re-
gion Framework optimizer of CST so to guarantee a |S11|dB <
−13 dB. The parameters obtained after the optimization are re-
ported in Table 2.
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AT = AB −2.45mm BT = BB 0.45mm
m 1.1711 n 0.02834
LF 480mm LF1 200mm
LG 80mm G 20mm
z1 285mm d1 60mm
z2 345mm d2 80mm
z3 405mm d3 100mm
s1 30mm R1 10mm
s2 30mm R2 10mm
s3 30mm R3 10mm
WS 580mm LS 580mm

Table 2. Parameters of the Vivaldi antipodal antenna with circular ended rect-
angular slots.

FIGURE 5. Reflection coefficient of the slotted Vivaldi antenna
simulated with the CST.

(a) (b) (c)

FIGURE 6. Radiation patterns of the slotted Vivaldi antenna at (a) 300MHz, (b) 500MHz and (c) 700MHz.

The frequency behavior of the computed antenna reflection
coefficient is shown in Fig. 5, while the radiation diagrams at
the frequencies of 300MHz, 500MHz, and 700MHz are re-
ported in Fig. 6. As can be observed, the reflection coefficient is
below −13 dB, while the antenna realized gain assumes values
of 4.18 dBi, 6.96 dBi, and 7.59 dBi at 300MHz, 500MHz and
700MHz, respectively. Finally, a fidelity factor F = 0.9874
has been computed.
Comparing the performance of the two considered anten-

nas, it can be noticed that the Vivaldi antenna equipped with
circular-ended rectangular slots is more compact (its size being
580mm× 580mm with respect to the 650mm× 615.6mm of
the standard Vivaldi), and it has a reflection coefficient lower
than −13 dB (compared to −10.5 dB of the standard Vivaldi),
and a higher realized gain and fidelity factor.
Figure 7 shows the surface current magnitude distribution of

both (a) standard and (b) slotted antennas excited at the fre-
quency of 300MHz. Comparing the figure, it can be observed
that the slots are able to reduce the unwanted surface currents
that radiate energy along the lateral arms (region A), focusing
the current distribution along the antenna radiating inner edge
(region B) thus increasing the effective current path length,
thereby improving the antenna gain and the return loss.

4. ANTENNA REALIZATION AND MEASUREMENTS

A prototype of the Vivaldi antenna with circular-ended rect-
angular slots has been realized on a cheap FR4 substrate [see
Fig. 8(a)] with a total weight of 1025 gr. Obviously, substrates
qualified for space applications, like those from the Rogers
company [31], having electrical characteristics and thicknesses
similar to those of FR4 can be chosen for the final antenna re-
alization.
The return loss of the antenna always remains lower than

−12 dB in the 300MHz 700MHz frequency band, as can be
seen from the experimental measurements carried out with the
Agilent E8363C network analyzer (see Fig. 8(b)). Furthermore,
a good agreement with the numerical simulations performed
with the CST full-wave software can be observed.
The radiation pattern measurements were performed in a

semi-anechoic chamber available at the ENEA-Casaccia Cen-
ter (see Fig. 9). The chamber is equipped with a log periodic
ELECTROMETRICS LPA25/30 transmitting antenna fed by
an Agilent 8648D RF generator, while the antenna under test is
connected to an Agilent E4440A spectrum analyzer. The radi-
ation patterns computed and measured at 300MHz, 500MHz
and 700MHz, respectively are reported in Fig. 10. A good
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(a) (b)

FIGURE 7. Surface current magnitude distribution of the (a) standard and (b) slotted Vivaldi antenna at 300MHz. The increase of the surface current
density along the radiating slot of the Vivaldi antenna equipped with the circular-ended rectangular slots is evident in the figure.

(a) (b)

FIGURE 8. (a) Picture of the manufactured antenna. (b) Frequency behavior of the input reflection coefficient of the slotted Vivaldi antenna.

FIGURE 9. Antenna setup in the anechoic chamber.

agreement between measurements and simulations is observed.

The gain measurement, performed by substitution using the
SEIBERSDORF PCD-8250 antenna as a reference, is reported
in Fig. 11. The measured antenna gain varies from 4 dBi to
6.2 dBi within the antenna operating band. The small difference
observed betweenmeasurements and numerical simulations are
probably related to the manufacturing tolerances.

A comparison in terms of bandwidth, size, return loss, and
gain between the proposed antenna and those already available
in the literature is reported in Table 3. To the authors’ knowl-
edge, no antennas with the required bandwidth have been yet
presented in literature. The only comparable antenna is the one
proposed in [7]. As can be seen from the table, the antenna
in [7] has dimensions similar to those of the Vivaldi antenna
proposed in this work with a higher fractional bandwidth but
with a worse return loss.

4.1. Slot Vivaldi Antenna Time Domain Measurements
The time domain antenna performance has been investigated to
evaluate its suitability in the Radar analysis of layered struc-
tures. When the antenna is used for distance measurements it
is necessary to estimate the time delay (τD) between the VNA
calibrated ports and the antenna aperture plane. This delay can
be evaluated simply by placing a transmitting and receiving an-
tenna, connected to the VNA, facing each other. To this end,
the Agilent E8363C network analyzer was used to synthesize
by the time domain reflection (TDR) a pulse with an initial fre-
quency of 300MHz and a stop frequency of 700MHz. The
time behavior of the pulse generated by the analyzer and of its
envelope are reported in Fig. 12.
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(a) (b) (c)

FIGURE 10. Radiation patterns of the slotted Vivaldi antenna at (a) 300, (b) 500 and (c) 700MHz. A good agreement between computed and
measurements results is observed.

FIGURE 11. Gain of the slotted Vivaldi antenna as a function of the
frequency. A good agreement between numerical simulation and ex-
perimental measurement performed on antenna prototype is observed.

FIGURE 12. Pulsed-signal generated by the PNA.

TABLE 3. Comparison between the proposed antenna and those already available in the literature.

Ref. Bandwidth [MHz] Fractional Bandwidth % Dimensions Width×Length [mm2] Retur Loss [dB] Gain Min-Max [dBi]
[7] 150–900 140 600× 600 > 6 1–7.6
[8] 253–513 68 530× 793.3 > 10 0–6.6
[10] 500–3000 143 220× 220 > 7 6–12
[32] 500–2000 120 260× 185 > 10 2–7

This work 300–700 80 580× 580 > 12 4.18–7.59

(a) (b)

FIGURE 13. (a) Envelope pulse response for various antenna distances and (b) delay-distance plot.

By analyzing the time domain pulse response on the VNA, it
is possible to determine the signal delay time between the two
calibrated ports. This measurement must be repeated for differ-

ent distances and finally, through a linear regression formula,
the intercept point of the resulting fitting line with the delay axis
is the searched delay time τD. Having realized two samples of
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the same antenna the above described measurements were per-
formed by linking the two antennas to the two calibrated ports
of the PNA, placing them facing each other and measuring the
S21(t) scattering parameter.
The measured responses are reported in Fig. 13(a), while

Fig. 13(b) shows the delay-distance plot for the two antennas
from which a delay value τD = 5.52/2 = 2.76 ns has been ex-
trapolated for each antenna corresponding to an antenna elec-
trical length in free space equal to: LE = c ∗ τD = 0.83m,
where c is the speed of light in free-space.
Further measurements have been performed by placing the

antenna in front of a metallic panel and measuring the S11(t)
scattering parameter for various antenna panel distances. The
responses for distances equal to 120 cm and 135 cm are reported
in Fig. 14.

FIGURE 14. Envelope pulse response for 120 cm and 135 cm antenna-
panel distances.

In this case, the first peak at 3.3 ns is due to the antenna re-
flections while the peaks at 13 ns and 15 ns are due to the panel.
By taking into account the antenna delay, the peaks correspond
to a distance of 112 and 142 cm with errors of 8 cm and 7 cm,
respectively. Hence, the radar system equipped with the pro-
posed antenna is able to evaluate a targets distance in free space
with errors lower than 10 cm.

5. CONCLUSION
An antipodal Vivaldi antenna useful to be employed in space
drones, aimed at analyzing traces of water in the Martian sub-
surface, has been presented. The antenna, having a central fre-
quency of 500MHz and a bandwidth of 400MHz, can operate
with impulsive signals suitable for carrying out a survey of the
Martian surface up to about 5m depth. A prototype of the pro-
posed antenna exhibits a return loss better than −12 dB in the
300MHz–700MHz band with a realized gain between 4 dBi
and 6.5 dBi. Furthermore, sizes and weight were found lower
than those of similar antennas already available in the literature.
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