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A novel frequency selective surface (FSS) for reducing radar cross section (RCS) is proposed in this paper. This FSS
is based on the random distribution method, so it can be called random surface. In this paper, the stacked patches serving
as periodic elements are employed for RCS reduction. Previous work has demonstrated the efficiency by utilizing the
microstrip patches, especially for the reflectarray. First, the relevant theory of the method is described. Then a sample of a
three-layer variable-sized stacked patch random surface with a dimension of 260 mm x260 mm is simulated, fabricated, and
measured in order to demonstrate the validity of the proposed design. For the normal incidence, the 8-dB RCS reduction
can be achieved both by the simulation and the measurement in 8 GHz—13 GHz. The oblique incidence of 30° is also
investigated, in which the 7-dB RCS reduction can be obtained in a frequency range of 8 GHz-14 GHz.
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1. Introduction

In recent years, intensive attention has been paid to the
research on frequency selective surfaces (FSS), which serve
as a filter to the plane wave. Due to the filter effect, FSS
can be designed for radar cross section (RCS) reduction. On
the other hand, stealth technology!! has gradually become the
main determinant factor in the war with the development of
radar technology. The size of the RCS can be reduced with
several methods, such as coated material technology, shape
technology, artificial absorbing material technology, and re-
flection phase control technology. Coating material technol-
ogy is difficult to achieve RCS reduction in the broadband fre-
quencies due to its frequency-sensitive characteristic, although
it is convenient, flexible, absorbent, and has good performance
in narrow band; shape technology is the most direct and effec-
tive method. It can be realized by the design of multi-row
facet shape, so that the echo from the target in the whole space
is scattered into a few narrow peaks. The shape technology
is only effective in the high frequency domain. When a tar-
get is detected by the low frequency radar, this methodology
is not very effective. Artificial material technology has be-
come more and more popular in recent years due to the emer-
gence of a large number of FSSs/?3! and microwave absorbing
materials!*>! with a broader bandwidth and thinner thickness.
The two mechanisms of FSS used as radar absorbing materials
(RAM) are phase cancellation and direct absorption. In the last
century during the 1990’s, Chang et al.!%! presented an active
FSS to enhance the performance of conventional FSS by us-
ing PIN diodes as switches, and Chambers!”! and Chambers
and Tennant®! proposed another RAM called phase modu-
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lated surface (PMS).!”:8] In this paper, another FSS called ran-
dom surface!® is proposed for RCS reduction, which is based
on phase cancellation but without using the PIN diodes. To
make the design simple, rectangular patches are chosen as the
periodic cell. Previous work!!%-17] has demonstrated the effi-
ciency by utilizing the microstrip patches, especially for the
reflectarray. In order to realize the RCS reduction, the rela-
tionships between phase shift and element size at different fre-
quencies are studied. In order to achieve a good performance
on the phase shift response to the dimension of the patches, a
three-layer configuration is adopted, which can cover a 360°
range of phase shift in broadband. Furthermore, the dimen-
sion of the element in a 13x 13 array is calculated, and then,
the random surface is constructed and analyzed with using the
high frequency structure simulator (HFSS) software. Based on
the simulation results, the random surface is fabricated. Both
the simulations and experiments show that the size of RCS can
be reduced by using the proposed prototype. Utilizing the ran-
dom surface, more than 7dB reduction in RCS can be achieved
within 45% of the bandwidth both for the normal incidence
and the oblique incidence.

2. Element design and simulation
2.1. Principle analysis

When a plane wave is incident on the microstrip patch,
there is 100% energy reflecting because of the existence of
metal ground plane as illustrated in Fig. 1. There are three
components in the reflecting field. The first one is the re-
radiation from the patch when working at the resonant fre-
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quency; the second one is the mirror-like reflection from the
ground plane; the third one is the reflection from the non-
Due to the thickness of the
substrate being less than 0.14g, the reflection from the non-

resonant part of the element.

resonant part merely exists. The maximum phase variation in
aresonant element is theoretically limited to a range of =180°.
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Fig. 1. Illustration of reflection on microstrip patch.

The phase range is reduced by the phase delay produced
by the wave traveling back and forth in the grounded substrate
when the patch dimensions are very small. The total attainable
range in phase-shift for an array on a dielectric of thickness ¢ is
approximately (27 —2K¢t) in radian, where K¢ is the propaga-
tion constant in the dielectric.'”l Therefore, when the dielec-
tric substrate is determined, the phase range will be confirmed,
which is no more than 360°.

The typical curve of phase shift versus patch side length
is shown in Fig. 2. As is well known, a smoother phase vari-
ation can be obtained by increasing the dielectric thickness,
but in that case the total phase range is reduced to less than
300°.171 Some researches show that the theoretical limitation
for the phase range becomes several times 360° by stacking
several arrays, as is explained in the following. An array of
metallic patches behaves as a resonant circuit, in which the
phase of the reflected wave varies as the frequency or the reso-
nant length changes, and a multiresonant behavior is obtained
by stacking several arrays. According to the above analysis,
we have chosen the three-layer microstrip patch as an element
for the random surface, which can overcome the bandwidth

limitation.!”]
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Fig. 2. Typical phase-shift versus element size.

Owing to the difference between random surface and con-
ventional FSS, the analyses of these two structures are slightly
different. However for the analysis of arrays with a large num-
ber of elements, although element-by-element mutual cou-
pling analysis techniques are prohibitive, the analysis method
is the same. The analysis is reduced to only one periodic cell
by applying Floquet’s theorem.[!!!8] There are other numer-
ical methods that can be used for making a full-wave anal-
ysis of periodic structures, such as the method of moments,
the finite element method, the finite difference time domain
method."”! In this paper, we use the commercial software An-
soft HFSS to analyze the random surface.

2.2. Single-layer periodic element design

An element is constructed and simulated in HFSS soft-
ware, in which an H-wall waveguide simulator shown in Fig. 3
is used. Figure 3 shows that the top and bottom plane are elec-
tric conducting walls, and the left and right plane are magnetic
field walls.!'7]

E-wall (top & bottom)

H-wall (left & right) f
Y z
Fig. 3. Simulation of element using waveguide.

The configuration of a single-layer element is depicted
in Fig. 4. The single-layer element consists of three compo-
nents: copper patch, dielectric substrate, and copper ground.
The dimensions of the element are a = 4 mm~8 mm, ag =
15 mm, and the copper patch is printed on a 2-mm-thick FR-
4 substrate with dielectric constant & = 4.6 and loss tangent
tan = 0.036. In order to obtain the phase shift response with
the variation of patch dimension, the sweep of parameter a is
set in HFSS.

The obtained phase responses under normal incidence are
shown in Fig. 4(d). From Fig. 4(d) we can see an approxi-
mately 200° range of phase shift at five different frequencies.
However, the variation of phase with length is strongly nonlin-
ear because of the narrow band behavior of microstrip patches,
exhibiting the variation is very rapid near the resonance, and
very slow at the extreme values, which can be seen in Fig. 4(d).
Because of the nonlinear behavior, the phase is very sensitive
to a variation in frequency, thereby significantly reducing the
working band.!'”) In order to obtain a smooth and linear phase
curve, and a broad phase-shift range, a three-layer element is
designed.
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Fig. 4. (color online) Single-layer element, showing (a) top view, (b)
side view, and (c) three-dimensional (3D) view, and (d) the variation of
the reflected field phase with side length.

2.3. Three-layer periodic element design

The element is shown in Fig. 5. The patch in each layer
is in a 20 mmx20 mm square lattice, printed on a 0.4-mm-
thick FR-4 substrate with dielectric constant &, = 4.6 and loss
tangent equal to 0.036, and each separator is the 1.5-mm-thick
air. As a relative size of patch in each layer with respect to the
resonant frequency, we choose k; = 0.8 and k» = 0.5 in order
to obtain a broader bandwidth.

Figure 5(d) shows the phase curves for a three-layer el-
ement at five different frequencies. While the phase range is

achieved to be more than 360° and the curves at different fre-
quencies are almost parallel, there appears a slightly diverging
behavior when phase-shift increases, as in the case of an ideal
phase-delay element. We follow these steps to generate the
length array shown in panel (b).
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Fig. 5. (color online) Three-layer element, showing (a) the top view, (b)
the side view, (c) the 3D view, and (d) the variation of the reflected field
phase with side length.

In Fig. 6(a), the curve of phase-shift versus patch side
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length at 10 GHz is selected to generate the length distribu-
tion. First, generate a curve of phase-shift versus length using
the cubic spline data interpolation method. Then, produce a
13x13 array of uniform distribution of random matrix in a
range of 0°-360°. Finally, map the phase data into length data
using the curve generated above, as shown in Fig. 6(b).
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Fig. 6. (color online) Random surface generation: (a) flow diagram, (b)
length data matrix.

3. Random surface simulation
3.1. Model build

Based on the element, a

260 mmx260 mm random surface is modeled as shown in

previous  designed

Fig. 7, and a 260 mmx260 mm metal plane is modeled to
compare with random surface.

3.2. Normal incident results

The incident angle of the plane wave is set to be 6 = 0°,
¢ =90°. A comparison between PEC plate and random sur-

face is given below.

SBECa E0E BEDE B8

& BE00 £l
EooBEgn|
QLo Ean
Ofloood| oo

B ol | o
OO0 o a sl o
DD EDooc0oi]
o 1 e O - ] *"lui——
O BEOL0E al s}
DECop @il oio:s

i 82 Ogo B |
- T1

Fig. 7. (color online) Three-layer random surface with substrate hidden.

Figure 8 shows the bistatic RCS simulation results. This
design of random surface on backscatter has a good inhibitory
effect in a range of 7 GHz—13 GHz. It can be seen from the
three-dimensional (3D) view in Fig. 8(d) that the plane wave
incident on the random surface obviously produces diffuse and
scattered waves that are approximately uniformly distributed
in the upper half-space. Table 1 shows the backscatter RCS
reduction of the random surface in 7 GHz-13 GHz.

Table 1. Monostatic RCS reduction in the case of normal incidence.

Frequency/GHz 7 8 9 10 11 12 13
RCS reduction/dB 3.5 134 169 149 128 9.6 89

3.3. Oblique incident results

The incident angle of the plane wave is set to be 6 = 30°,
¢ =90°. A comparison between PEC plate and random sur-
face is given below.

Table 2. Monostatic RCS reduction in the case of oblique incidence.

Frequency/GHz 7 8 9 10 11 12 13 14
RCS reduction/dB 2.5 73 96 15 112 9.0 92 114

The RCS is plotted in Fig. 9. It is observed that the ran-
dom surface reduces the RCS of the PEC plate by more than
7 dB in a frequency range of 8 GHz—14 GHz under oblique
incidence. From Fig. 9 we can see that there are some nulls
in the RCS of the metal plane but not in the random surface.
It is due to the fact that the energy of the incident wave is dif-
fused to other directions by the random surface. But as the fre-
quency becomes higher, the scattered field increases in other
directions due to the unconformity of the relationship between
phase-shift and element length when the wave is non-normally
incident.
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Fig. 8. (color online) Bistatic RCS reductions in the case of normal incidence at frequencies of (a) 7 GHz, (b) 10 GHz, and (c) 13 GHz, and (d) the 3D result
at 10 GHz.
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Fig. 9. (color online) Bistatic RCS reduction in the case of oblique incidence at frequencies of (a) 7 GHz, (b) 10 GHz, and (c) 13 GHz, and (d) the 3D result
at 10 GHz.
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4. Measurement results

After simulation by HFSS V14, a 13x13 array random
surface with a thickness of 4.2 mm is fabricated. There are ar-
ranged 44 via holes on the edge of each layer to align the cen-
ters of elements. The thickness of each layer is 0.4 mm, and a
1.5-mm-thick air gap separates the layers. Some nylon screws
are used to fix the three layers, and two 0.75-mm-thick gaskets
to sustain the thickness between layers. A comparison be-
tween PEC metal plate and PEC covered by a random surface
in the same size is made in the anechoic chamber as shown in
Fig. 10(c). The random surface is fixed by inserting a foam in
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Fig. 10. (color online) Practical photograph: (a) top view and (b) side
view; (c) schematic diagram of reflection measurement; (d) comparison
of reflectivity between PEC and PEC covered by sample.

order to keep a higher height. Two X-band horn antennas are
placed at 10-m distance away from the random surface and
have the same height as the random surface, in the case of
nominal incidence. The distance between two antenna aper-
ture centers is set to be 30 cm, which equals 1.72° in degree
and is less than the horn antenna main lobe beamwidth, so
the two antennas can be regarded as being located at the same
spot. The Agilent Technologies PNA-L Network Analyzer
N5230C is used to measure the transmission coefficient Sy,
with an Agilent microwave system amplifier 83017A plugged
into port-1.

Figure 10(d) shows a comparison of measured monos-
tatic RCS between two PEC in a frequency range of 10 MHz—
20 GHz. The dash—dot line indicates the RCS of the PEC
metal plate, and the dash line represents the RCS of the
PEC metal plate with random surface covered. As shown in
Fig. 10(d), a good performance is achieved in a frequency
range of 7 GHz-14 GHz. The results show the conformability
between simulation and measurement results in a frequency
range of 8 GHz-12 GHz. Due to the design data generated
at 10 GHz, the effect at 10 GHz is good. But as we can see,
the measurement results above 13 GHz are better than simu-
lations, which might be caused by the measurement error and
fabrication error.

5. Conclusion

In this paper, we proposed a novel FSS based on ran-
dom distribution method to reduce RCS. An analysis on peri-
odic element is given. After a comparison between the single-
layer and the three-layer element configuration, the three-layer
stacked patches are chosen as the periodic cell. A random sur-
face of 13x13 elements is designed and tested. The oblique
incidence results show that the RCS reduction performance
is not as good as the case of normal incidence, owing to the
different phase responses of stacked patches at different inci-
dence angles. Both the simulations and measurements show
that an effective RCS reduction can be achieved with the ran-
dom surface.
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