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Low-Profile Array With Reduced Radar Cross Section
by Using Hybrid Frequency Selective Surfaces
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Abstract—A solution for reducing the radar cross section (RCS)
of a microstrip antenna based on the use of frequency selective sur-
faces (FSSs) is described. The goal is accomplished by replacing
the solid ground plane of the device with a hybrid structure com-
prising a suitable FSS. The behavior of the hybrid ground plane il-
luminated by a plane wave is analyzed by using a periodic method
of moments (PMM), and it is modeled by resorting to a trans-
mission-line equivalent circuit. Similarly, the propagation of the
quasi-TEM mode along the modified feeding line of the array is
represented by an equivalent circuit for surface waves. The two
simplified analyses provide useful design criteria for the hybrid
ground structure. The presented solution guarantees a decrease of
the out-of-band radar signature of the target while preserving the
desired in-band radiation characteristics of the low-profile array.
A careful comparison to alternative configurations employing dif-
ferent ground planes has revealed the superior performance of the
proposed design. Measurements on a realized prototype show a
good agreement with simulations and prove the reliability of the
design approach.

Index Terms—Frequency selective surfaces (FSSs), radar cross
section reduction (RCSR).

I. INTRODUCTION

NTENNAS significantly contribute to the overall radar

cross section (RCS) signature of target objects such as
naval ships and airborne vehicles. The study of methods that
allow reducing the RCS of an antenna is therefore of great prac-
tical interest. Many solutions have been proposed to obtain a
radar cross section reduction (RCSR). Among them, the shaping
of the target surfaces and the use of radar absorbing materials
(RAMs) are certainly among the most practiced designs even if
they use a different mechanism to decrease the RCS. In fact, the
former approach modifies the target shape or orientation to de-
flect the scattered energy away from the detecting radar [1], [2],
whereas RAMs basically convert the radio frequency energy
into heat [3]-[5]. Other solutions involve the use of tapered re-
sistive sheets in the antenna [6] or in the radome [7] and passive
or active cancellation technology [8]. However, since the RCSR
always implies a tradeoff among the decrease of radar signa-
ture, the increase in cost or maintenance of the system, and the
global performance, an accurate design has to balance advan-
tages against disadvantages.
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As in the case of a single antenna, the RCS of an array
is determined by an antenna component and by a structural
term [8]-[11]

o = V@5 — (1 - L)Vaae*P

where o is the total RCS of the target, o, is related to the field
scattered by the short-circuited antenna, o, represents the field
scattered by the antenna that involves the value of the port
impedance, I, is the antenna reflection coefficient, and ¢ is the
relative phase between the two terms.

Our investigation will focus on the reduction of the structural
term o, of an antenna array, and it will be analyzed under the
short-circuit condition of the feeding port. The idea of replacing
the ground plane of an antenna with a frequency selective sur-
face (FSS) to reduce the radar cross section dates back to 2003
when this concept was applied to a reflectarray [12]. The reflec-
tarray is a passive radiator, and the application of this principle
is straightforward since the FSS has to behave as a solid electric
conductor for plane waves. Conversely, the application of the
same concept to reduce the RCS of a printed microstrip array
antenna is more challenging since the modified ground plane
has also to support the quasi-TEM mode. Indeed, while the re-
flectarray is illuminated by a plane wavefront with the electric
field parallel (or almost parallel) to the printed pattern, a mi-
crostrip antenna is characterized by electric fields orthogonal to
the ground plane both below the radiating patches and across
the feeding network.

In the recent literature [13], the use of a bandstop FSS has
been exploited to reduce the RCS of array of monopoles orthog-
onally placed on a perfect electric conductor (PEC). However,
the final design of the radiating structure is cumbersome and
not mechanically robust; additionally, the main RCS reduction
is obtained along a direction where the array is not able to scan.

The aim of the present work is to describe a strategy to de-
crease the structural RCS of a common patch array antenna at
the out-of-band frequencies by replacing the ground plane with
a suitable hybrid structure. This paper is organized as follows.
The design of the FSS unit cell is addressed in Section II, and
an equivalent circuit model that predicts the frequency response
of the infinite screen illuminated by a plane wave is described.
In Section III, the ability of the modified ground plane to sup-
port the quasi-TEM mode is investigated through a transmis-
sion-line model. The extracted lumped element circuit parame-
ters are then discussed. Section IV is devoted to assess the per-
formance of the microstrip antenna backed by the aforemen-
tioned hybrid ground plane in terms of radiation characteristics
and the achieved RCSR.
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Fig. 1. Original array configuration with solid ground plane that represents the
reference case.

Fig. 2. (a) Unit cell of the passband FSS screen, (b) overall FSS screen. The
black color indicates the conductive surface.

II. FREQUENCY SELECTIVE SURFACE DESIGN

As a test case, a microstrip patch array antenna working at
2.5 GHz is considered. The antenna is printed on a grounded
FR4 dielectric substrate (¢, = 4.4, tg loss = 0.02, thickness
h = 2.0 mm) for limiting the cost of the prototypes. The refer-
ence antenna with metallic ground is shown in Fig. 1.

The total-reflection band of the FSS has to match the antenna
resonance frequency in order to allow the proper radiation of
the device. Outside the stopband, as soon as the FSS becomes
transparent, the overall structural RCS of the array will be re-
duced in correspondence of its passband.

It is desirable that the FSS ground exhibits a frequency re-
sponse as stable as possible with respect to the incidence angle
in order to have a satisfying level of RCSR not only for mono-
static probing, but also for bistatic interrogation.

Let us suppose to require as a goal an RCSR in a given fre-
quency bandwidth that is 6.0-8.0 GHz. A design that satisfies
these specifications is presented in Fig. 2. The unit cell printed
on the lower part of the FR4 substrate is in Fig. 2(a), where
T =80mm,m = 1.0 mm, and b = 2.0 mm, and the overall
screen is reported as well in Fig. 2(b).

The analysis of the FSS has been performed by using a pe-
riodic method of moments (PMM) [14]. As it is apparent from
Figs. 3 and 4, the frequency response is reasonably stable for
both TE and TM polarization also for off-normal incidence an-
gles A. More in detail, the reflection coefficient of the infinite
FSS is around —5.0 dB or lower between 6.0-8.0 GHz for both
polarizations and up to 45°, although it suffers from a small and
predictable narrowing of the TE passband bandwidth. On the
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Fig. 3. Frequency response of the FSS screen for TE polarization at various
incidence angles: reflection (RTE) and transmission (TTE) coefficient.
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Fig. 4. Frequency response of the FSS screen for TM polarization at various
incidence angles: reflection (RTM) and transmission (TTM) coefficient.

other hand, the FSS exhibits a PEC-like response for both po-
larizations around 2.5 GHz. Let us observe the reflection be-
havior for TM oblique incident waves. It provides a useful in-
sight for evaluating the performance of the FSS when employed
as ground plane of a microstrip array. As a matter of fact, elec-
tric fields below the patches of the printed antenna are mainly or-
thogonal to the ground plane as it happens in the case of grazing
TM incident plane waves. It is evident from the inset of Fig. 4
that the reflectivity of the surface diminishes as the incident an-
gles approach 90°. The limited reflectivity of the periodic FSS
ground for grazing TM waves may render such structure unsuit-
able for operating as a ground plane for a microstrip antenna.
This aspect will be thoroughly addressed in Section II1, where an
alternative configuration of the ground plane will be proposed.
An equivalent transmission-line network can be adopted
to describe the frequency response of the periodic sur-
face [15]-[17] for a normal or oblique incident plane wave.
A parallel LoCy circuit is employed to take into account the
FSS, whereas transmission-line sections represent the involved
dielectric substrates as reported in Fig. 5(a). Depending on the
considered polarization, each section of the transmission line
has its own propagation constant and characteristic impedance
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Fig. 5. Equivalent circuit model: (a) transmission line with reflection (R) and
transmission (17) coefficient fitting the frequency behavior of the FSS screen;
(b) comparison between simulation with PMM and equivalent model for a TM
plane wave for & = () and 60°.

TABLE 1
CIRCUIT PARAMETERS VALUES FOR THE INFINITE FSS (TM POLARIZATION)

O=0 6= 60°
L, 1.94nH 170 nH
G 0.217 pF 0.26 pF

that depends on the plane wave incidence angle # and dielectric
permittivity of the medium £,. For a TE/TM plane wave and an
FR4 dielectric substrate, we obtain

]{:Z = \/Erk(z)——]{'% CTM — kz CTE _ Wity [ho

wesgg k.

2

where kg is the free-space propagation constant, &; is the trans-
verse wave vector (k; = ko sin(#)), and 8 is the incident angle.
The value of Ly and Cy are determined by matching the full-
wave data with the frequency response of the equivalent trans-
mission line for each required value of §. The comparison be-
tween the reflection and transmission coefficient of the full wave
simulation and of the equivalent circuit is reported in Fig. 5(b)
for the case of a TM plane wave. The circuit parameter values of
the FSS are reported in Table 1. A similar result can be achieved
for a TE plane wave. It is interesting to notice that for the TM
polarization, as the angle 6 increases, the value of Ly decreases
while the value of Cy rises.

III. ANALYSIS OF THE QUASI-TEM PROPAGATION ALONG
MODIFIED GROUNDS

The simplest solution for designing a low-RCS microstrip
array is to replace the metallic ground with a periodic frequency
selective surface. However, since the microstrip line and the
patch antenna have to support the quasi-TEM mode [18], a
careful study to verify the effect of the patterned ground plane
on the feeding network performance is required. Additionally,
the portion of the ground plane below the radiating patches
must be totally reflecting for the orthogonal electric fields
supported by the microstrip antenna (i.e., TM grazing waves)
in order to limit as much as possible undesired back radiation
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Fig. 6. Prototypes of the three investigated ground planes of the feeding lines:
(a) solid ground, (b) FSS ground, and (c) hybrid ground. The unit section mod-
eled in the equivalent circuit is highlighted by the dotted rectangle.

and the consequent unwanted energy loss. In order to focus on
this aspect, we have tested the transmission properties of the
three different transmission lines shown in Fig. 6.

A microstrip line with characteristic impedance equal to 50 €2
has been printed on the top of an FR4 dielectric slab. On the
opposite side of the FR4 slab, three different grounds have been
printed: (a) a solid ground plane, (b) an FSS ground, and (c) a
hybrid ground comprising a PEC area beneath the microstrip
line surrounded by FSS unit cells. All of the three samples have
equal size of 8.0 X 5.6 cm?, which corresponds to 10 x 7 FSS
unit cells. The simulated and measured transmission coefficients
of the analyzed transmission lines are shown in Fig. 7.

It can be noticed that the level of transmission is slightly dif-
ferent between simulated and measured results, and this is due
to the uncertainty on the dielectric permittivity of the substrate.
However, the relative difference among the three configurations
is preserved. In fact, it is interesting to observe that both the
simulated and the measured transmission level of the finite FSS
ground [Fig. 6(b)] is around 0.5 dB lower than the solid ground
plane within the operating band of the antenna. Conversely, the
hybrid configuration [Fig. 6(c)] has almost the same transmis-
sion level of the PEC ground within the array bandwidth, thus
proving that this modified ground plane does not significantly
affect the power propagation of the signal along the feeding
lines.

A first-order analysis of a transmission line with a modified
ground plane is carried out by resorting to a lumped-element
model [19]-[21]. The model is useful to get some insight into
the propagation mechanism that determines the different trans-
mission losses observed in the FSS and hybrid ground plane.
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It is worthwhile underlining that in Section II we adopted an
equivalent circuit to describe the ability of the modified ground
plane to be reflective or transparent to a normal or oblique
incident plane wave. Conversely, in this case we are investi-
gating the capacity of the modified ground plane to support
the quasi-TEM mode and to prevent undesired energy loss or
radiation. First of all, we define the unit section (Fig. 6) to be
modeled by using the equivalent circuit illustrated in Fig. 8.
The capacitor and the inductor represent the FSS selectivity,
while the resistor I2,, takes into account radiation losses.

The values of the resistor and lumped elements of the pro-
posed equivalent circuit can be extracted by using a full-wave

analysis to characterize the unit section with the correspondent
ABCD matrix

A B|_|cosf
c D = | isinf

CFRA

iCFReL sin @
cos

)

i(FRa SiN 0} [1 Z] [cosﬁ

cos 6 0 1 (FR4

where 6 = kT, /2. k is the free-space propagation constant and
(rRra is the characteristic impedance of the line. Once we have
described the equivalent circuit of the unit section, we employ
the well-known analysis for a periodically loaded transmission
line [ 18] to calculate the frequency response of the overall struc-
ture. More in detail, in our case the final matrix describing the
10 unit sections of the transmission lines reported in Fig. 6 is

equal to
A B A BT\"
L] (] A
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TABLE 11
CIRCUIT PARAMETERS VALUES FOR THE TWO MODIFIED GROUND PLANES
FSS Hybrid
L, 0.420 nH 0.371 nH
C, 0.545 pF 0.515 pF
R, 140 Q) 345 Q

The computed lumped parameters of the unit section are re-
ported in Table II.
The comparison between the measurements and the analytic
model is reported in Fig. 9 for the grounds illustrated in Fig. 6.
It is interesting to compare the values of the parameters re-
ported in Table II to those obtained from the model for plane
wave incidence illustrated in Table I. Indeed, the inductance L,,
decreases with respect to Lg for both the FSS and hybrid config-
uration, while the capacitance C, increases with respect to the
Cy. As we already pointed out in Section II, Lg and Cy for TM
polarization are decreasing and increasing, respectively, as the
angle f is more and more off the normal direction. Therefore, the
equivalent values we have found in this section confirm the pre-
viously observed trend. Considerations on the radiation losses
of the different structures can be derived from the values of the
resistance ;. In particular, the R, value for the FSS ground is
lower than the corresponding resistance of the hybrid screen. It
is useful to keep in mind that radiation loss increases as the value
of' the parallel resistor decreases [19]. Finally, in order to analyze
the dispersive properties of the surfaces, the phase of the trans-
mission coefficient between the two-port microstrip devices is
reported in Fig. 10. The phase of the transmitted signal reveals
that only the FSS ground is slightly dispersive around the array
working frequency, namely 2.5 GHz. The hybrid ground does
not introduce any distortion in the transmitted signal. In conclu-
sion, the hybrid surface results in the most promising solution
for designing a low-RCS ground plane for a microstrip antenna.

IV. PERFORMANCE OF THE REDUCED RCS ANTENNA

In the two previous sections, two separate studies have been
carried out in order to evaluate the response of a modified
ground plane when it is illuminated by a plane wave or when it
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Fig. 11. (a) Top and (b) bottom view of the antenna with hybrid ground plane.

Fig. 12. Front view of the modified patch antenna microstrip array.

supports the propagation of the quasi-TEM mode. The analysis
allowed us to identify a promising hybrid structure. In this
section, we verify if it guarantees an efficient radiation and a
significant reduction of the RCS at the same time.

The original array has been therefore modified into the struc-
ture shown in Fig. 11.

The prototype of the proposed array with the hybrid ground
plane is shown in Fig. 12. The size is 17.6 x 16.8 cm?, which
corresponds to 22 X 21 unit cells. As it is apparent, the solid
ground plane of the original configuration has not been com-
pletely removed. In fact, as discussed in Section 111, these por-
tions of the metallic ground underneath the microstrip lines and
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Fig. 14. Comparison among the magnitude of the 51, parameter of the array
with solid ground plane, finite FSS ground plane, and hybrid one.

the patches allow the antenna to radiate efficiently. Although
the radiating patch elements and the feed line printed on the top
of the dielectric slab determine a contribution to the RCS that
cannot be removed, it has to be pointed out that such configu-
ration provides a reduction of the structural RCS. All the sim-

ulations have been performed by using CST Microwave Studio
2010 [22].

A. Radiation Performance

A potential drawback in replacing the solid ground plane can
be a degradation of the array bandwidth with a consequent ne-
cessity of additional tuning of the radiating element. To this aim,
we consider both the hybrid ground plane (Fig. 11) and the fi-
nite FSS screen (Fig. 13), and we compare the magnitude of the
S11 of the antenna with these modified ground planes against
the S7; of the original antenna.

As it is apparent from Fig. 14, the solution exploiting the
hybrid ground plane does not perturb the original S1;, whereas
the one with the finite FSS ground encounters a larger frequency
shift. The small shift between measured and simulated results is
imputable to the uncertainty of the FR4 substrate characteristics.

The other crucial issue is the preservation of the original an-
tenna radiation pattern as well as the peak gain. In order to per-
form a comprehensive study of the structure, an additional case
leading to a RCS reduction has been considered.
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(a) (b)

Fig. 15. (a) Top view and (b) bottom view of the array with minimum ground
plane where all the FSS unit cells are removed.
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Fig. 16. Comparison among the gain at 2.5 GHz in the ¢ = 0° for the different
ground planes.

This additional configuration named “minimum ground
plane (GP)” and reported in Fig. 15 comprises a reduced
metallic ground plane with all the additional FSS unit cells
removed. This case is analyzed to undoubtedly prove the
importance of the FSS cells.

A comparison among the radiation patterns of the four ana-
lyzed configurations is illustrated in Figs. 16 and 17 for the E-
and H-plane, respectively.

The antenna array with the hybrid ground plane provides a
boresight directivity close to the one offered by the antenna with
solid ground (0.3 dB loss, from 12.0 to 11.7 dB) and a compa-
rable front-to-back ratio (from 15.0 to 13.7 dB). The configura-
tion with the minimum GP ground exhibits a lower broadside
directivity (10.6 dB) and a worse front-to-back ratio (7.0 dB),
while the antenna with FSS ground has an acceptable directivity
equal to 11.2 dB, but a back radiation of 6.5 dB, which deter-
mines the worst front-to-back ratio (4.7 dB). The analysis of the
radiation patterns of the three low-RCS configurations demon-
strates that only the hybrid ground plane configuration has a
negligible impact on the radiation performance. It is interesting
to observe how the same conclusion could be drawn also exam-
ining the values of I?,, reported in Table II. Indeed, the highest
value of I?,, in the case of the hybrid ground plane expresses the
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Fig. 17. Comparison among the gain at 2.5 GHz in the ¢ = 90° for the dif-
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Fig. 18. Comparison between the measured radiation patterns on the E-plane
of the array with solid ground plane (solid line) and the array with hybrid ground
plane (dashed line).

lower radiation loss suffered by the signal below the resonance
of the parallel L, C), circuit.

A final verification is accomplished by comparing the mea-
sured radiation patterns of the antenna with the solid ground
plane and with the modified ground. The radiation patterns
reported in Figs. 18 and 19 agree very well with each other,
proving that the presence of the modified ground has a very
small effect on the pattern shape.

B. Radar Cross Section Reduction

In this section, the scattering properties of the proposed
antenna are compared to those of the reference structure with
metallic ground plane. The results are obtained both by the
full-wave simulator and through reflection measurements on
the manufactured prototypes.
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Fig. 19. Comparison between the measured radiation patterns on the H-plane
of the array with solid ground plane (solid line) and the array with hybrid ground
plane (dashed line).
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Fig. 20. Analysis for different configurations of the impinging (up-
ward-pointing arrow) and the scattered fields (downward-pointing arrows).
(a) Monostatic for normal incidence within [f;. f-]. (b) Bistatic for oblique
incidence within [f1, f2]. (c) Bistatic for normal incidence at fo. (d) Bistatic
for oblique incidence at fj.

The simulated RCS exhibited by the antenna array with the
hybrid FSS ground plane is compared against the one of the
microstrip antenna with solid metallic ground plane both for
monostatic and bistatic configurations. More in detail, we have
considered the variation of the RCS as a function of frequency
within the bandwidth [f; = 1 GHz—f, = 10 GHz] for the
two configurations reported in Fig. 20(a) and (b). The results
are illustrated in Figs. 21 and 22 for TE and TM polarization,
respectively.

As it is apparent, the antenna with the hybrid ground plane
is characterized by a strong RCS reduction within the transmis-
sion band of the FSS since the incoming signals passes unal-
tered through the multilayer. The RCS reduction in the same
frequency band is preserved also for oblique incident angles
since the frequency response of the FSS is characterized by a
high angular stability. We have also analyzed the variation of
the RCS as a function of angle # in (—90°, 90°) at the fixed fre-
quency fo = 7 GHz for the cases shown in Fig. 20(c) and (d).
The results are illustrated in Fig. 23 for a normal impinging
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Fig. 21. Comparison between the RCS of the two structures for a normal and
oblique incident TE plane wave (E incident field along -axis).
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Fig. 22. Comparison between the RCS of the two structures for a normal and
oblique incident TM plane wave (E incident field along -axis).
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Fig. 23. Comparison between the RCS of the two structures for a normal inci-
dent TE and TM plane wave at fo = 7 GHz.
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Fig. 24. Comparison between the RCS of the two structures for an oblique
(# = 30°) incident TE and TM plane wave at fy = 7 GHz.
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Fig. 25. Comparison between the reflection coefficient of the infinite FSS and
the measured reflectivity reduction for TE and TM incidence.

plane wave, and in Fig. 24 for a probing radiation from # = 30°
for both polarizations.

As it is apparent from Figs. 23 and 24, the decreasing of the
RCS can be appreciated not only for a normal impinging plane
wave, but also for a off-normal direction of arrival of the probing
radiation. This proves that a good RCS reduction is achieved by
the hybrid ground plane in all directions within the individuated
frequency band and also for oblique incidence. It is worthwhile
to notice that the asymmetry of the scattered radiation is due to
the presence of the feeding network that breaks the symmetry
of the antenna array.

The reduction of the reflectivity is confirmed by measure-
ments on the manufactured prototype reported in Fig. 12. In
the measurement setup, the device under test is illuminated by
using a wideband horn antenna, and the scattered signal is re-
covered by an identical wideband horn antenna. The scattering
parameters of the antenna have been measured by using an Agi-
lent E5071C vector network analyzer. The distance between the
horn antennas and the microstrip array was 1 m.

Fig. 25 reports the reflectivity reduction of the modified an-
tenna with respect to the reference one with the metallic ground
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at normal incidence for both polarizations. The result is com-
pared to the reflection coefficient of the infinite FSS.

It is possible to observe that the most relevant RCS reduction
for both TE and TM polarization occurs in correspondence of
the frequency band where the infinite FSS presents a reflection
coefficient lower than —5.0 dB. This simple design criterion has
a great practical usefulness since it illustrates the possibility to
design the low-RCS antenna without resorting to a time-con-
suming full-wave simulations.

V. CONCLUSION

The use of a suitable hybrid PEC-FSS ground plane for a low-
profile microstrip antenna has proved to be an effective means of
reducing the radar cross section while preserving the radiation
performance of the antenna array. The proposed design does not
affect the in-band performance of the radiating device allowing,
at the same time, to decrease the out-of-band radar signature of
the target. Therefore, it represents the best solution among the
investigated ones.

The joint study of the response of the FSS for plane waves and
for quasi-TEM waves has revealed a suitable and efficient ap-
proach to provide a fast design of a low-RCS antenna, avoiding
time-consuming full-wave simulations. Measurements on a real
prototype confirm the validity of the proposed design.
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