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This study focuses on the reduction of the Radar Cross Section (RCS) for planar reflectarray antenna by
using Frequency Selective Surface layers. For this study, a novel broadband reflectarray antenna is
designed. The designed reflectarray antenna is composed of a broken circular ring and a cogwheel geom-

etry. With variable size geometry, the proposed unit cell has more than 400° phase range which provides
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a broader bandwidth of the antenna. The RCS reduction of the reflectarray antenna is provided using vari-
able size elements of the FSS technique and modification of reflectarray antenna ground plane. Therefore,
the backscattering RCS of FSS backed modified reflectarray antenna is reduced up to 10 dB in the whole
frequency band. This RCS reduction cost a reduction in terms of antenna gain level. The scattering char-

acteristics, radiation patterns and RCS of both metallic grounded and FSS backed antennas are simulated

and experimentally verified.

© 2020 Elsevier GmbH. All rights reserved.

1. Introduction

Reflectarray antennas are combinations of phase shifting ele-
ments on a reflecting surface with an illuminating feed antenna.
This type of antenna has several important features such as high
gain, low cost, low profile, easy production, electronically beam
direction ability [1-8]. Reflectarray antennas are usually used in
military platforms because of their high gain features. Besides
these advantages, these antennas have disadvantages on the RCS
level of platforms and they increase the detectability [9-12]. Con-
sequently, the reduced radar cross section of an antenna is a con-
siderable factor for stealth technology due to the contribution of
the antenna RCS [13].

In the literature, several methods are presented to enlighten
this problem. These are listed as, reshaping [14,15], Electromag-
netic Band Gap (EBG) [16,17], radar absorbing materials (RAM)
for absorbing the EM wave and turn it into heat [18], passive
cancellations or active cancellations [19] and FSS layers [20,21].
Particularly, the studies about RCS reduction of reflectarray anten-
nas are limited. In [22], the RCS level of the reflectarray antenna is
reduced only at out-of-band. In [23-26], FSS layers are used for RCS
reduction of reflectarray antennas. All of these studies have RCS
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reduction only for incident wave impinging from normal direction
(0 =0°), not for oblique directions.

In this study, a new approach is introduced for RCS reduction of
the reflectarray antenna. In this approach, a new variable size ele-
ment FSS method is used. It is based on the reflection features of
reflectarray. Reflectarray panels can generate a reflection beam in
the desired direction. In this study, a novel broadband reflectarray
antenna is designed. The designed reflectarray antenna is com-
posed of a broken circular ring and a cogwheel geometry. With
variable size geometry, the proposed unit cell has more than
400° phase range which provides a broader bandwidth of the
antenna. Today periodic structures and antennas are used in many
applications. The FSS is used in applications related to scattering
electromagnetic waves while periodic structures such as metama-
terials are used in applications [27,28] where specific constitutive
parameters are realized.

The RCS reduction of the reflectarray antenna is provided using
variable size elements of the FSS technique and modification of
reflectarray antenna ground plane. The proposed broadband reflec-
tarray antenna RCS level is reduced up to 10 dB in the whole fre-
quency band (2-18 GHz). Naturally, the proposed antenna
maximum gain value reduced from 21.23 dBi to 18.1 dBi. In this
study, different from the literature, the RCS reduction of the reflec-
tarray antenna, is also obtained for incident waves impinging from
oblique directions, not for only normal direction. To show the val-
idation of the proposed technique, metallic grounded and modified
FSS layer backed reflectarray antennas are simulated and
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measured due to obtain radiation patterns, gain and monostatic
RCS characteristics.

2. Design of reflectarray

The geometry of the unit cell for the proposed reflectarray and
FSS is demonstrated in Fig. 1(a) and side view of the unit cell is
shown in Fig. 1(b). It is composed of a broken circular ring and a
cogwheel. The presented geometry provides the desired phase
characteristic. The design parameters of the proposed unit cell of
the reflectarray antenna are chosen as / = variable, m = //2 + 1,
n=//2, w= 0.4, and / is ranging from 3 mm to 7 mm. The overall
dimension of the unit cell is d = 16 mm. There is a 5 mm air gap
between the dielectric material and metallic ground. The presented
metallic pattern of the unit cell geometry is printed on a dielectric
substrate (Arlon Di880) with a € = 2.2 relative permittivity and the
thickness of h = 0.762 mm.

The phase characteristic has a significant effect on reflectarray
performance. For this reason, it is important that the simulation
of phase characteristics must be done properly. The unit cell
reflection phase curves are obtained with the equivalent
waveguide-approach in this study [26]. The periodic boundary
conditions settings are used for normal wave incidence. At the
boundary conditions, tangential component of incident Electric
Field is set to Perfectly Magnetic Conductor (PMC) while the verti-
cal wall is set to Perfectly Electric Conductor (PEC). The reflection
coefficient (S;;) phase is evaluated as the reflected phase
characteristic.

Reflection phase characteristic changing with / for the proposed
unit cell at 10.5-12 GHz is demonstrated in Fig. 2. By using variable
size elements more than 400° phase range is obtained as seen in
Fig. 2. Phase characteristics of the unit cell should be parallel to
each other at various frequencies to obtain a wider operational
band of reflectarray. Thereby, the reflection phase curve in Fig. 2
is the evidence of broadband reflectarray.

The phasing elements of the reflectarray that are fed by horn
antenna reflect the EM waves to the backward. The EM wave will
impinge on each unit cell with different phases because of
positions of unit cells on reflectarray. The phase delay must be
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Fig. 1. (a) Top view of the unit cell, (b) Side view of the unit cell.
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Fig. 4. Simulation results of radiation pattern for ¢ = 0° (E plane) at 10 GHz, 11 GHz
and 12 GHz.
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Fig. 5. Gain of designed reflectarray antenna.

compensated due to direct the reflected EM wave towards the
desired direction [29]. Therefore, the phase distribution of each
unit cell of the reflectarray antenna placed at the x-y plane can
be manipulated using the equations below.



S. Unald et al./Int. J. Electron. Commun. (AEU) 117 (2020) 153098

o

— S11_(¢(=4mm)
--- S11_(¢=5mm)
-.-. S11_(¢(=6mm)

'
(%}

o

wv

wv

Reflection Coeff. [dB]
w N 8 -

o

&
a

2 4 6 8 10 12 14 16 18
Frequency [GHz]
0 . : =
|— s21_(z=4mm) !
--- $21_(¢=5mm) i
-10 1|-.-. $21_(£=6 mm)

T e Y )
\ il

Transmission Coeff. [dB]

2 4 6 8 10 12 14 16 18
Frequency [GHz]
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Fig. 7. FSS backed reflectarray antenna Configurationl.
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Eq. (1) can be stated as Eq. (3) which determines the required
phase distribution of each unit cell if the maximum radiation is ori-
ented along to z-axis and center-fed configuration is applied.
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Fig. 8. FSS backed reflectarray antenna Configuration2.

Pr(Xi,¥;) = Kodi G3)

In these equations, ¢@g(x;,y;) is the phase shift of i element, ko
is the free space propagation constant, d; gives the distance
between the source and (x;,y;)™" element, x; and vy, are the coordi-
nates of the i" element of the reflectarray antenna and 0y, ¢y, indi-
cate the desired beam direction [30]. X;, y; and z; are the
coordinates of the source antenna. Thus, the size of the reflectarray
elements can be determined. To this end, the required phase delay
of each element can be calculated using Eqgs. (1) and (2).

The focal distance (F) is defined as the distance between the
surface of the reflectarray and horn antenna aperture and F is set
as 198 mm. The proposed reflectarray is fed by a linearly polarized
horn antenna. At the focal distance (F) pyramidal horn antenna is
placed the center of the reflectarray. The feeder pyramidal horn
antenna has 3 dB beamwidth approximately 30°. A 9 x 9 elements

15 .
0 ,""--’— " e
Pl g Z BN
v' ,/_, -
b / ...........
& -10 YA
& 4
-20 /.
~~~~~~ Configuration1
230 — Configuration2
--- Metallic Grounded |
-40

2 4 6 8 10 12 14 16 18
Frequency [GHz]

Fig. 9. Simulation results of monostatic RCS for the metallic grounded antenna and
designed configurations.
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reflectarray antenna which is used for RCS reduction has
135 mm x 135 mm overall dimensions in x and y directions. The
reflectarray antenna is illustrated in Fig. 3. The proposed reflectar-
ray antenna is simulated and far field radiation patterns, gain ver-
sus frequency characteristics are achieved.

The simulations of the reflectarray antenna are done by time
domain solver of the CST Microwave Studio. Also, in the simula-
tion the symmetry planes are defined to save time. Afterward,
the gain and far field radiation patterns are obtained to validate
the designed reflectarray antenna. In Fig. 4, the radiation pat-
terns in E-plane at 10 GHz, 11 GHz and 12 GHz frequencies
are given. The maximum gain of the reflectarray antenna is

21.23 dBi and it has 22% 1.5-dB (8.63 GHz-10.7 GHz) and
32.6% 3-dB gain bandwidth (between 8.63 GHz and 12 GHz) as
shown in Fig. 5.

3. FSS backed reflectarray design and simulations

Planar metallic grounded antennas like reflectarray antennas
have considerable RCS levels. For this reason, a new type of FSS
reflector is designed to reduce the RCS level. In this method, vari-
able size FSS unit cells are used in the reflector plane. In this man-
ner, it is different from traditional FSS layers. The unit cell
geometry of FSS is the same as reflectarray unit cell geometry
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Fig. 10. Backscattering pattern of metallic grounded and Configuration1 reflectarray at 4 GHz and 10 GHz for 6 = 0" and 0 = 10°, respectively.
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Fig. 11. Backscattering pattern of metallic grounded and Configuration2 reflectarray at 4 GHz and 10 GHz for ¢ = 0" and 0 = 10', respectively.

(Fig. 1a). As seen from Fig. 6b, the metallic circular patches are
added to the proposed FSS layer with different sizes. The metallic
circular patches improve the RCS reduction. The designed double
layer FSS is settled back of the reflectarray. The FSS layers used
in the design are identical. The double layer FSS structure is pre-
ferred to obtain an improvement of the gain characteristic com-
pared to the single layer FSS. The unit cell analyzes of the FSS
structure in this design were performed for 3 different sized unit
cells (“/” parameter of the design is used as 4 mm, 5 mm and
6 mm) used in the structure. The obtained transmission and reflec-
tion characteristics for the 3 different sized unit cells are shown in
Fig. 6. As seen in Fig. 6, the reflection coefficients of the unit cells at
the range of 2-18 GHz band are quite low. This shows that the
structure does not reflect the incoming EM wave back, it transmits
to forward. Thus, RCS is reduced at the 2-18 GHz frequency band
by using different sizes of unit cells.
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Fig. 12. Simulation results of gain for the metallic grounded antenna and designed
configurations.
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The proposed reflectarray ground plane is also modified with
two configurations as seen in Figs. 7 and 8. The designed configu-
rations consist of the same double layer FSSs behind the reflectar-
ray and but have different metallic patches on the back surface of
reflectarray. There is an air layer (5 mm) between dielectric sub-
strates of the FSS layers.

Therefore, the RCS performances of proposed configurations are
carried out. For this reason, metallic grounded and double layer FSS
backed reflectarray antennas are simulated and monostatic RCSs
are obtained as in Fig. 9. The monostatic RCS simulations are
obtained for a plane wave normally, impinging with TE polariza-
tion. It is clearly seen from Fig. 9, Configuration1 and 2 provide

RCS reduction in the whole frequency band. The main reason for
using the 2-18 GHz frequency range in RCS graphics is to show
that the antenna is also reduced RCS outside the operating fre-
quency range (designed reflectarray operates at the range of 8-
12 GHz). As Configuration1 provides more than 10 dB RCS reduc-
tion, Configuration2 provides about 8 dB reduction in 2-18 GHz
frequency band.

In literature, RCS reduction is obtained only for incident
wave impinging from normal direction (0 = 0°), not for oblique
directions. In this study, different from the literature, the RCS
reduction of the reflectarray antenna, is also obtained for inci-
dent wave impinging from oblique directions. The simulation
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Fig. 13. Simulated radiation patterns in E plane at different frequencies for metallic grounded, Configuration1 and Configuration2 structures.
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Fig. 14. Photograph of measurement set up and fabricated Configuration 1 and 2.

results of monostatic RCS versus theta is given in Figs. 10 and
11. For Configuration1 and Configuration2, respectively. There-
fore, RCS reduction is achieved also at the oblique incidence
of the wave.

In Fig. 12, simulation results for the gain of the metallic
grounded reflectarray antenna and proposed configurations are
compared. As seen from the figure, the gain is reduced for Config-
urationl and 2. The gain versus frequency characteristic is
obtained at 0 = 0°, ¢ = 0° direction. In this direction, EM wave scat-
ters towards backside of the structure. Naturally, the proposed
antenna maximum gain value reduced from 21.23 dBi to 18.1 dBi.

Also, in Fig. 13 there is a comparison of the simulated radiation
patterns for Configuration1, Configuration2 and metallic grounded
reflectarray at different frequencies (f = 10 GHz, f = 11 GHz, and
f =12 GHz).

4. Fabrication and measurements

The designed and simulated Configuration1, Configuration2 and
original reflectarray antenna are fabricated. Photos of the measure-
ment set-up and fabricated prototypes of the reflectarray, Configu-
ration1 and Configuration2 are shown in Fig. 14. For measurement,
a pyramidal horn antenna is used for center fed configuration.

Horn antenna is located at F = 198 mm away to array surface.
Radiation pattern and RCS measurements were performed in a
whole anechoic chamber. The 3-m anechoic chamber has a
900 MHz-20 GHz frequency range. The measurements are done
with a transmitting horn antenna (Model: De0530 Diamond Engi-
neering) and Rohde & Schwarz ZVB 20 VNA (Vector Network Ana-
lyzer) with the low-loss coaxial cable.

In Figs. 15 and 16, the radiation performances are presented.
The simulated and measured gains for Configuration1 and Config-
uration2 are given in Fig. 15. In Fig. 16, there are simulated and
measured radiation patterns of Configuration1 and Configuration2
for frequencies of 8.5, 9.2 and 11.3 GHz in the E-plane. Due to the
measurement set up imperfection, scattering from feeder mount
and fabrication errors in structure, Figs. 15 and 16 show some dis-
crepancy between the measurement results and the simulation
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Fig. 15. Measured and simulated gains for Configuration1 and 2 structures.

results. Besides this, measured and simulated results are in good
agreement.

After the radiation performance measurements, the monostatic
RCS measurements were performed in a whole anechoic chamber.
For the RCS measurements and simulations, the incoming and
reflected electric field is taken parallel to the x-axis. Besides this,
the propagation direction of the incoming wave is parallel to the
z-axis. In Figs. 17 and 18 there are obtained RCS results both for
Reflectarray, Configuration1 and 2. It was observed that the mea-
surement results confirmed the simulated results.
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5. Conclusion

In this study, a broadband reflectarray antenna with low RCS
level is presented. The RCS reduction is obtained with double
layer FSS which have variable sized unit cell elements. The pro-
posed reflectarray antenna with metallic grounded and FSS
backed are designed, simulated and fabricated. The reflectarray
configurations are performed using CST Microwave Studio. To
verify the validity of the proposed method, designed structures
are fabricated and measured. The measurement and simulation
results for designed FSS grounded reflectarray shows decreased
RCS level effectively almost in the whole band (2-18 GHz).
Thereby, good agreements are obtained between simulations
and measurement results for both configurations. Therefore,
the proposed method can be used in the studies aimed at RCS
reductions.
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