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Abstract

This paper presents a method for reducing Radar Cross-
Section (RCS) of an increased gain metal backed dipole
antenna. Numerical simulations were done and compared
to a laboratory experiment. The results show that when a
Perfect Electrical Conductor (PEC) is replaced by a Fre-
quency Selective Surface (FSS), the antenna is still able to
perform with the desired characteristics, but the RCS of the
structure is greatly reduced out of band. The design of the
FSS and the return loss, gain improvement, and RCS are
presented for an antenna operating at 4.2GHz, and the re-
sults are compared with a conventional metal backed lay-
out. Measurements show a good agreement with the simu-
lations, and so the advantages on other structures from the
reviewed literature are mentioned.

1. Introduction

Dipole antennas have been used for its simplicity and ca-
pability of radiating signals in an omnidirectional pattern.
They are used specially for mobile communications [1]. On
the other hand, the disadvantage of using this kind of an-
tenna is due its low gain, which does not exceed 2.5dBi [2].

In this manner, a way of increasing a half-wavelength
dipole antenna, is placing a metal plate at a correct dis-
tance from it [1]. This conducting background will re-
flect the signal, changing the antenna’s radiation pattern,
which reflects in greater directivity and gain. This config-
uration of metal backed antenna also increases the Radar
Cross-section (RCS) of the structure, representing a draw-
back for military applications. Moreover, other works were
published on metamaterial backed dipole antennas for high
gain [3]. At this report, no study about the RCS has been
done, although metamaterials are showing a good perfor-
mance for RCS reduction [4, 5].

As the demand for the stealth budged in warfare in-
creases, researches have been published in the open litera-
ture which shows that radar backscatter suppression can be
achieved using thin carbon based microwave absorbers and
resistive metamaterials [6-9]. Frequency selective surfaces
are mainly used as microwave filters, for applications such
as frequency separation in satellites [10]. Furthermore, FSS
can also be used as a reflective background to antennas, for
beam direction switching purposes [11, 12].

Preview works with FSS and antennas were reported

in [13], aiming to enhance the directivity of a microstrip
antenna. In this kind of work, the FSS is used as a res-
onator, and acts like a partial reflective surface [14]. In [15]
a great RCS reduction was reported within the antenna’s
band, but results for the reflection coefficient show that out
of band the RCS increases with frequency . Additionally,
Turpin [16] reported a good RCS reduction within 1-12
GHz, for an antenna based on absorbing materials. The de-
sign consists of a planar antenna over a FSS and absorbing
material. Although the results were consistent with today’s
demand for RCS, the costs for using these techniques are
higher due to the materials used in this process. Also, H.-
Y., Xu [17] reported a monopole antenna design with a low
RCS for Ultra-Wideband (UWB) applications. The design
favors a UWB for the antenna, keeping a low RCS. But re-
sults show that the Radar Cross-section increases with fre-
quency, which is one of the concerns of this paper.

Furthermore, literature shows techniques to reduce RCS
for antenna’s reflectors applications [18-25]. In [26], Y.
Liu reports a low RCS microstrip antenna, replacing a solid
metal background by a FSS.

This work contributes with a lower cost project than the
reported, it shows details for this technique using a square
loop FSS in order to reflect the signal from a linear wire
half-wavelength dipole antenna. This is done by compar-
ing theoretical models, simulations, performed in a full EM
simulator, with measured results in laboratory. Moreover,
the low cost is achieved by using a FSS screen over a FR4
dielectric, which is a known low cost substrate for RF appli-
cations. In addition, there is no use of radar absorbing ma-
terials, or any other kind of substrates that can be translated
into higher cost for the project. Furthermore, the results
show that the antenna performance is not reduced in ex-
change for RCS reduction. Also, it can be noticed that, out
of the frequency of interest, the RCS of the entire system
keeps decreasing, while frequency increases. On the other
hand, the referenced works show a good RCS reducion in
band, but the radar cross-section increases for frequencies
out of band. That means that, for radar systems operat-
ing frequencies above the UWB reported by those works,
the reflection coefficient becomes significantly high out of
band.

The replacement of the metal background for a FSS re-
sults in a significant RCS reduction for frequencies outside
its operation band [24,26]. This happens because the FSS
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Figure 1: Comparison between the simulated and measured
antenna

will reflect only the signals at the antenna’s frequency band,
being transparent to radar signals out of this band. The in-
tention of this work is to keep a low RCS out of band. It is
expected that the radar back-scatter for frequencies outside
the antenna’s and FSS’ bandwidth to be reduced as close to
zero as possible. Furthermore, the antenna’s performance
should not be affected by this replacement, i.e., the gain and
the impedance matching must remain within an acceptable
difference from the antenna and metal background config-
uration.

2. Methodology

For this feasibility study, a half wavelength linear dipole an-
tenna was chosen because of its simplicity and well known
radiation patterns [1]. The antenna’s gap and wire radius
were defined by the available coaxial cable, thus, those pa-
rameters were inserted for the simulations. For the avail-
able coaxial cable, the conductor’s radius was 0.5mm and
the feeding gap was 3mm.

As shown by the frequency allocation chart in [27], one
of the aeronautical navigation bands is within 4.2-4.4 GHz.
As consequence of this, the chosen frequency for the an-
tenna was 4.2 GHz. Thus, from that definition, the theoreti-

A
cal length of the antenna is: | = — = 35.7 mm. The actual

size of the antenna was 36.3mm, being approximately 1.7%
larger than the theoretical length. From these simple calcu-
lations, the antenna was designed in CST Microwave Stu-
dio, using open add space boundary conditions, and later
the dipole antenna was fabricated. The results for Sq; are
shown in Fig. 1.

It can be noted that the antenna has a good resonance
at 4.2 GHz, and the measured dipole had actually a better
performance at the desired frequency than the simulated.
As the wire width and gap could not be altered due to the
cable used, a better control of the antenna’s bandwidth was
not possible to obtain.

Other resonant frequencies were observed for the an-
tenna at approximately 3.6GHz and 4.6GHz. They are
probably a result of the antenna’s fabrication process, where
a simple coaxial cable was used to build it. Those frequen-

cies, as it will be shown in the next section, will not be
reflected by the FSS, thus they should not interfere in later
measurements.

Additionally, by comparison to the aforementioned
works, this antenna has a very narrow band to accomplish a
low RCS signature for frequencies out of band.

2.1. FSS Design

This approach for RCS reduction was chosen by the capa-
bility of a FSS to perform as a PEC in band, and as a trans-
parent surface out of band. Thus, for having low reflections
out of band, the RCS is greatly reduced, as it is a function of
the reflected power of the radar over the surface. This will
be later demonstrated by simulations and laboratory mea-
surements.

In this manner, the chosen structure for the FSS was
a square loop design. This design was chosen due to its
in band performance and frequency stability [28,29]. A
square loop FSS and its equivalent circuit are shown in Fig.
2 [30-32].

From Fig. 2, the equivalent inductive reactance (X7,) is
given by (1) [31]:
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and the capacitive susceptance is given by (2):
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The function F' is given by (3):
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The second auxiliary function G is given by (4)
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In which 6 and ¢ are angle of incidence. Then, the
transmission coefficient can be calculated by (7):
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Figure 2: Square loop strucure (a); equivalent circuit (b)

Then the transmitted power , Pr, is given by [32]:

1

Pp=—
T = 1502572

®)

The FSS was to be printed on FR4 substrate, which
€ = 4.4, h = 1.6mm and tand = 0.02. The FR4 was
chosen for being a cheap substrate, which showed a good
performance for the FSS. The final dimensions for the FSS
were as described:

e d=17.8mm;
o p = 24dmm;

o w=1.5mm;

g = 6.2mm;

FSS total lateral size = 21.6¢cm;

FSS full structure area = 466.56cm?

Having these FSS parameters, 1 and 2 can be used to
calculate the inductive reactance (X1,) and capacitive sus-
ceptance (B¢). Thus, a code was developed in Matlab
based on [33] to obtain the power transmission curve in dB
based on the values of these parameters, which were calcu-
lated as X, = 0.21Q and B, = 10.24Q~'. So, using 9 and
10 the capacitance and inductance values were calculated.
Their respective values were found to be C= 3.70 pF and
L=0.38 mH.

Moreover, CST Design was used, to compare the sim-
ulated circuit to the numerical method on Matlab. Fig.3
presents a simplified flow chart representing the routines of
the code used for calculating parameters.
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Figure 3: Methodology for the theoretical model simulation
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Additionally, simulations were done using the unity cell
boundary condition on CST Microwave Studio, with Flo-
quet ports exciting plane waves at TE and TM polarization
modes. Also, a simulation of the complete FSS structure
with the antennas was also done to validate the unity cell
calculation. This simulation was performed using the open
add space boundary condition to allow the radiated signal
to propagate through the FSS with no reflections from the
boundaries. As for the RCS simulation, PML boundary
condition was used with the Integral Equation Solver, for
time optimization. Fig. 4 shows the results for the unity
cell, complete structure, and also for the theoretic model.
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Figure 4: Comparison between the simulated results for
unity cell, theoretical model, and the complete structure

It can be seen that both unity cell and full structure re-
sults agree, with its minimum at the desired frequency of
4.2GHz. In addition, Table 1 the relative error in percent of
the resonance frequencies theoretical models in relation to
the measurement, whose frequency was 4.2GHz.



Table 1: Relative error from simulated and theoretical mo-
dels

Models Relative error %
Unity Cell 0.19
Complete Structure 0
Matlab 0.23
Discrete Circuit 0.16

2.1.1. FSS as a reflective background

As the FSS had its rejection band at the same range as
the antenna, simulations were done to compare the perfor-
mance of the designed FSS as a reflective background, to a
metal plate having the same area.

A dipole antenna will reflect its signal, with a good
impedance matching with the ground plane, when it is care-
fully placed at a distance of \/4 above the conductive sur-
face [1].

Fig. 5 (a) and (b) show the results for both systems. As
it can be seen, the directivity of the antenna was increased
for both configurations. These results show that the replace-
ment of the metal plate by the FSS does not implies on a
significant decrease in gain.

The 90 degrees rotation which can be seen between Fig.
5 (a) and (b) happens inside the simulation software, CST
Microwave Studio. The results depicted on Fig. 5, had a
gain of 8.34 dBi for the antenna-metal plate configuration,
and 7.89 dBi for the antenna-FSS configuration. While the
gain for the dipole antenna in free-space is 2dBi, those re-
sults represent a gain of 5.89 dBi, or 3.9 times more power,
for the antenna-FSS scenario.

3. Measurements and discussion
3.1. FSS measurement

For this experiment, a reference level for the FSS was mea-
sured to level the maximum transmission to 0 dB. For that,
two Pasternak WR187 horn antennas were used, having its
operating bandwidth between 3.95 and 5.85GHz. This an-
tenna has a minimum gain of 20dBi. In addition, The Agi-
lent ES071C VNA was used for all the measurements. The
set-up can be seen in Fig. 6, and this exact situation was
also simulated (Fig. 4).

The transmission measured in laboratory matched the
expected results from simulation, as seen in Fig. 7:

As the reflections are expected to be higher at 4.2GHz,
and almost no signal reflected outside the FSS bandwidth, it
is expected that the antenna will be able to reflect its signal,
increasing the gain. This is described in the next section.

The reflection coefficient from Fig. 7 shows to be at
least 20 dB higher than previous works [6,9], and also hav-
ing a very narrow band of rejection. Moreover, this char-
acteristic will contribute in the RCS reduction out of the
antenna’s band, as there will be very low reflections for fre-
quencies higher than 4.2 GHz.
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Figure 5: Radiation pattern for the antenna on both config-
urations at ¢ = 0 (a), and 8 = 90 (b)

3.2. Antenna performance measurements

The first step for the antenna measurement was regarding
the impedance matching with the FSS. The antenna was
placed at a quarter wavelength far from the FSS, and the
S11 was then measured. A picture from the measurement
can be seen in Fig. 8(a), while the result is shown in Fig.
8(b).

It is noted that a small frequency shift of 30MHz oc-
curred during the measurements. Also, a small oscillation
happens for the measured S7;. This may happen due to
standing waves which causes constructive and destructive
interference during this process. This could be reduced if
the experiment could be made in a proper anechoic cham-
ber, but such facility is not available at the universities.

As there was not a place available to make a proper ra-
diation pattern measurement for the antenna, 5 scenarios



Figure 6: Setup used for the FSS transmission measure-

ment.
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Figure 7: Comparison between measured and simulated
transmission for the FSS.

were assembled, trying to overcome this problem. These
are described in Fig. 9:

The idea for that, is to verify whether there is actually
more signal being received by the horn antenna, when a
reflective background is placed.

The results for those measurements are shown in Figs.
10(a) and 10(b).

It can be seen that, even without the complete radiation
pattern (which was not possible to obtain, due to lack of
laboratory resources), the FSS was capable of reflecting the
signal from the antenna, almost with the same intensity as
the metal plate, with only 0.9dB of difference.

These results show that the FSS replacing a metal back-
ground does not degrade the antenna’s performance. This
could also be seen at the simulated results. As the preview
measured results agreed with the predicted in the simula-
tion, it is safe to affirm that the antenna’s radiation perfor-
mance did not change with the proposed replacement.

3.3. RCS Measurements

The bistatic RCS (o4) measurements were done using the
same Agilent ES071C VNA, at the frequency domain. The
FSS and the metal plate were placed at 70cm from the horn
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Figure 8: (a) Measurement Process; (b) Results for the sim-
ulated and measured experiment with the FSS as a reflective
background.

antennas, and the received power was measured. The ob-
tained points (Fig. 11(a)) were later put into Eq. 11, to
obtain the RCS for the FSS and the the metal plate (both
having the exact same area). The parameters on Eq. 11 rep-
resented by GG; and G, are the antennas’ gain, while A is the
wavelength, R is the distance between the antenna and the
target, P, and P, are the received and transmitted power,

. S21
respectively (P, = 1070).
(47)° R4

GG \?

P,

Otgt = F
t

(1)

Fig. 11(b) shows the measured RCS from the FSS and
the Metal plate. While Figure 12(b) shows the comparison
between the measured and predicted results from the EM
simulator.

From the experimental results, the RCS for the FSS
and the metal plate clearly follows the predicted behaviour,
as seen on Fig. 12(a) and Fig 12(b). While a very low
RCS was measured out of the FSS operating band, an RCS
equivalent to the metal plate was shown for frequencies in
band.
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Figure 10: (a) Measurements for the metal plate configura-
tion; (b) Measurements for the FSS configuration

These results, depicted by Fig. 11(b), contributes for
a reduction on the out-of-band radar backscatter, while the
the gain of a dipole antenna is increased, when both antenna
and FSS operate at the same frequency range. It is also
important to note that a wider band could not be measured,
as the available antennas had a frequency range from 3.5-
5.85 GHz.

When compared to the work of UWB Antennas with
low RCS [6, 17, 19], the results presented on this paper
shows the advantage of operating in a single and narrow
frequency for stealth systems. While for UWB antennas
the RCS increases with the frequency, operating on a nar-
row band shows that the radar cross-section is only signif-
icant for the antenna’s frequency band, and it tends to zero
for higher frequencies.
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Figure 11: (a) Measured Sy; for the FSS and Metal Plate;
(b)Measured RCS for the FSS and metal plate.

4. Conclusion

This paper presented the simulations and measurements for
a square loop FSS, comparing its performance with a re-
flecting metal plane and discussing the results.

Simulations showed the construction of a layout capa-
ble of increasing a dipole antenna gain, replacing a tra-
ditional conducting surface by the designed FSS. This ar-
rangement was compared to the metal background, to ver-
ify the performance of both systems. The results showed
that both configurations perform similarly, with no major
decrease in gain for the FSS as an antenna reflector. A
theoretical model for the FSS was developed to compare
the simulations to the literature review for this kind of FSS.
Furthermore, the results from the mathematical model were
kept within a 0.23% of error compared to the measured re-
sults.

RCS simulations and measurements were described and
compared, showing a sensitive decrease in the RCS of the
whole system, when the metal plate was replaced by the
FSS. This work contributed with theoretical and practical
results, showing a novel method to achieve a better gain for
a dipole, keeping its RCS low for frequencies out of band.
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Figure 12: (a) Comparison between simulation and mea-
surement for the metal plate; (b)Comparison between sim-
ulation and measurement for the FSS.
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