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Abstract—This paper reports a new method for reducing the
Radar Cross-Section (RCS) of a metal backed dipole antenna.
Numerical simulations are used to show that when the Perfect
Electrical Conductor (PEC) is replaced by a carefully designed
Frequency Selective Surface (FSS), the electromagnetic perfor-
mance of the antenna is similar in band, but the RCS of the
structure is significantly lower out of band. The design of the FSS
and the return loss, radiation patterns and RCS are presented
for an antenna which operates at a center frequency of 4 GHz
and the results are compared with a conventional metal backed
arrangement.
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I. INTRODUCTION

As demands for the stealth budget in warfare increases,
significant investment is being made to develop techniques
capable of providing electromagnetic cloaking of vehicles and
equipment used in defence systems. Significant research has
been published in the open literature which shows that radar
backscatter suppression can be achieved using thin carbon
based microwave absorbers, resistive metamaterials, and ad-
vanced surface treatments such as nano composite paint that
is used for the F-117 Nighthawk. However some applications
require structures that exhibit a strong frequency selective RCS
behavior so that low visibility to radar is obtained only in
one or two defined bands, but not at all frequencies. For
example antennas based on dipole array configurations are
often used for communication systems, and for these structures
a 3 dB increase in gain is often desirable and achieved simply
by placing the radiating elements ≈ λ/4 above a metal
ground plane. At normal incidence the RCS is very large
and proportional to the dimensions of the reflector; but for
this application the backing structure must strongly reflect
signals from the dipoles over the operating frequency range
of the antenna. However at frequencies, above and below the
operating band, the electromagnetic behavior of the ground

plane can be modified to provide a low radar signature. In this
paper we show that by replacing the metal backing structure
with a carefully designed FSS, a significant reduction in the
out of band RCS is achieved [1], [2], but in band the resonant
behavior of the periodic array yields similar return loss results
and radiation patterns for the dipole antenna.

II. METHODOLOGY

For this feasibility study a half wavelength linear dipole
antenna was chosen because of its simplicity and well known
radiation patterns [3]. By defining the operating bandwidth
using the metric VSWR 2, the frequency range between
3.42 GHz and 4.86 GHz (35%) was obtained from the CST
Microwave Studio EM simulator [4] by varying the width and
gap between the dipole arms.

Subsequently simulations for the dipole above infinite and
different size metal plates was performed to find the optimum
separation in terms of the impedance match and shape of the
bi-directional radiation patterns at 4 GHz, the center operating
frequency of the antenna.

The FSS design was based on Jerusalem Cross elements
which exhibit identical spectral responses for vertical and
horizontal polarized waves at normal incidence [5], [6]. The
reflection band of the FSS was centered at 4 GHz, and
simulations were made using the physical and electrical char-
acteristics of a commercially available low loss microwave
substrate on which the elements are printed. For each case
the dimensions of the unit cells were adjusted to obtain a 90%
reflectivity bandwidth of 35%.

In the EM simulator the metal plate was replaced by a
finite size FSS (210mm x 210mm) with the same dimensions,
which reflects > 90% of the energy radiated by the dipole in
the lower hemisphere. For this arrangement the return loss,
gain and radiation pattern performance are compared at the
center and the upper and lower band edges.
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Finally RCS simulations were performed for both antenna
configurations from 0 GHz to 7 GHz and by comparing the
results we demonstrate the increase in functionality that is
obtained by deploying the FSS. Fig. (1) depicts a flow chart
which summarizes the methodology that was used in this
feasibility study

Fig. 1: Flow chart illustrating design methodology

III. SIMULATION PREPARATION

A. Antenna Design

The antenna design required a parametric study to achieve
the desired bandwidth which is defined by the frequency range
over which the VSWR 2. The key geometric parameters
are the length of the dipole which is employed to adjust the
frequency of operation, and the diameter of the arms which
is varied to obtain the bandwidth [7]. Fine tuning of the
resonant frequency is obtained by choosing the dimensions of
the physical gap between the elements. The length and width
of the optimised dipole design are 37.47mm mm and 4 mm
respectively.

Bidirectional radiation is obtained when the dipole is
placed λ/4 above an infinite size metal plate. Since at this
distance the short circuit exhibited by the backing structure is
transformed to an open circuit at the input port to the dipole,
the impact on the input impedance is negligible. Fig. (2) shows
the simplified case for a horizontally oriented dipole placed
above an infinite metal sheet. The analysis is based on image
theory.
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Fig. 2: Horizontal Dipole (represented by the arrow) above a
distance h from the ground plane

However, as the CST simulator has the ability to analyze a
non-ideal environment, which is the case for finite size ground
planes, stray capacitances and edge scattering can be accounted
for in the numerical simulations. Thus, a parametric study
was performed to find the optimum separation between the
dipole and the reflector. The dimensions of the metal plate
area (210 mm X 210 mm) were obtained by determining the
smallest area possible which would produce a maximum gain
reduction smaller than 0.2dBi, when compared to an infinite
ground plane.

B. FSS Design

The main purpose of using a FSS to replace the metal
reflector is the ability to tailor the spectral response so that
at resonance and at all frequencies within the 35% bandwidth
obtained for the dipole antenna, the electromagnetic behavior
exhibited by the periodic array is similar to a metal plate. But at
other frequencies the magnitude of the current which flows in
the Jerusalem cross elements is very low so the FSS appears
to be invisible to incident microwave signals and therefore
presents a low RCS out of band. For an ideal FSS design,
visibility to radar is therefore attributed to scattering from
the FSS in band and the dipole elements out of band. For
our case the structure can be engineered to present a low
RCS at all frequencies outside the 35% operating band of the
dipoles. A preliminary estimate of the physical dimensions of
the unit cell geometry can be obtained from (1) [8], where λr
is the wavelength at resonance (4 GHz). The other geometrical
parameters are illustrated in Fig. (3).

λr = 2

√
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Fig. 3: Structure and parameters for the designed Jerusalem
Cross, where p = 10.5mm, d = 6mm, w = h = 0.1mm,
g = 90µm, t = 18µm.

The computed spectral response of a single layer FSS
printed on the 18µm thick microwave substrate shows that
the -0.5 dB reflectivity bandwidth is very much narrower than
the 35% target value centered 4 GHz, and therefore to achieve
the same bandwidth as the dipole antenna a second identical
doubly periodic FSS layer was employed in the ground plane
design [5]. In this way the structure shown in Fig. (4), permits
the phase response of the individual arrays to be controlled so
as to generate a wider reflection band and a fast transmission
roll off below and above resonance which is desirable in order
to achieve a low RCS outside the 3.42 GHz and 4.86 GHz
frequency range. For this study the separation between two
FSS was selected to be multiples of λ/4 spacing.

The FSS was printed on a Rogers RT5880 substrate with
εr = 2.2, tan(δ) = 0.0009 and a thickness of 0.254mm.

Fig. 4: Single cell representation for a double layer FSS on
Microwave Studio

C. RCS Simulation

RCS simulations were made between 0 GHz and 7 GHz
to study the radar backscatter from the metal plate and the
FSS backed antenna arrangements. For both cases the plate
size was 210 mm X 210 mm. The results obtained from
the two simulations were compared to confirm that the FSS
exhibits a lower RCS then the metal plate out of band. Only
normal incident waves were considered in the CST macro for
monostatic RCS calculations.

IV. SIMULATION RESULTS AND DISCUSSION

A. Antenna and Metal Plate Configuration

The predicted return loss results for the antenna and metal
plate configuration are depicted in Fig. (5), for 3 different plate
sizes.

Fig. 5: Simulated return loss of antenna above metal ground
plane

The computed peak gain for the single dipole antenna
placed above an infinite metal ground plane is 7.4 dBi at 4GHz
whereas a gain of 7.2 dBi is predicted for a reflector size of
210 x 210 mm. The E plane radiation pattern shown in Fig.
(6) is largely bidirectional with a front to back ratio of about
20 dB due to the fact that the metal plate has a finite size.

Fig. 6: Simulated radiation pattern of antenna above a 210mm
X 210mm metal ground plane at 4GHz.

B. Antenna and FSS configuration

Because a single layer FSS design does not satisfy the
bandwidth criteria, a parametric study was conducted for a
two layer FSS with dimensions given in Fig. (3), for different
distances between the two periodic layers. The separation
distance was based on multiples of the desired center rejection
wavelength, as shown in Fig. (4). The results are shown in Fig.
(7).



Fig. 7: Simulated spectral response of a two layer FSS trans-
mission for four different separation distances

For a separation distance of 3/4λ , the -10 dB transmission
response matches exactly the antenna bandwidth, but as shown
in Fig. (7) the predicted transmission at 3 GHz and 6 GHz is
close to -l0dB, therefore the RCS reduction would be small
given that 90% of the incident power is reflected from the FSS
at these frequencies. However this arrangement is preferable to
the other three options studied, since these provide a reflection
bandwidth that is either too small or larger than desired. The
representation of the system is shown in Fig. (8). The simulated
radiation patterns at the center frequency and band edges for
the metal and FSS backed dipoles are shown in the Figs (9 −
11).

Fig. 8: Dipole antenna and the two layers FSS representation.

Fig. 9: Simulated E plane radiation pattern for the metal and
FSS backs dipole at 3.5 GHz

Fig. 10: Simulated E plane radiation pattern for the metal and
FSS backs dipole at 4.0 GHz

Fig. 11: Simulated E plane radiation pattern for the metal and
FSS backs dipole at 4.85 GHz

Excellent agreement is shown at 3.5 and 4.0 GHz thus
demonstrating that the electromagnetic behavior of the FSS is
similar to a perfect electric conductor at these frequencies. At
4.85 GHz an approximated 5 dB null is observed at boresight
which is attributed to destructive interference between the



energy in the upper hemisphere and signals reflected from the
FSS. As a general observation it is observed that for all three
cases the energy radiated in the backlobes is higher when the
antenna is backed by a FSS, however the reduction in the peak
gain is less than 0.2dB at 4 GHz.

C. RCS Results

As previously stated, the main objective of the study was
to design an antenna reflector which simultaneously exhibits
a peak antenna gain similar to a metal plate, and a low radar
cross section at higher and lower frequencies.

CST was employed to simulate the RCS of a 210 x 210
mm metal plate and the results were verified by comparing
these with (2), which is based on classical theory [9]

σ =
4πA2

λ2
(2)

In the above equation, A is the area of the plate, A is the
wavelength of the waves, and σ is the RCS. Theoretical results
derived from the equation above and the simulation results are
plotted and compared in Fig. (12).

Fig. 12: Simulated RCS of a 210 x 210 mm metal plate
obtained from CST and eqn (2)

Close correlation between the two plots is shown thereby
confirming the accuracy of CST for solving this type of
problem. The EM solver was then employed to compare the
RCS of the metal plate and a 210 x 210 mm two layer FSS.
As shown in Fig. (13), the FSS exhibits a significantly lower
RCS than the metal plate particularly above the upper edge of
the operating band of the dipole antenna.

Fig. 13: Comparison between the FSS and Metal Plate RCS
prediction

V. CONCLUSION

The design of a dipole antenna and FSS were performed
and the results integrated to study how the entire system
behaves in terms of radiation pattern performance and radar
cross section. It was shown that the RCS for this configuration
is lower than a conventional arrangement with the antenna
placed above a metal ground plane, whereas the in band gain
is very similar. Therefore this design approach opens up many
new possibilities for controlling the visibility to radar of flat
plate antennas.
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