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Simplistic metasurface design
approach for incident angle
and polarization insensitive rcs
reduction

K. K. Indhu™, A. P. Abhilash?, R. Anilkumar?, Deepti Das Krishna® & C. K. Aanandan?

This paper proposes the design of a metasurface for polarization and incident angle-insensitive RCS
reduction applications. An ellipse-shaped unit cell is utilized as a polarization converter, which is then
arranged to form a checkerboard surface. While a single layer checkerboard structure gives a wideband
RCS reduction, a double layer structure yields polarization and incident angle independent operation.
The two layers have unit cells rotated 45° to each other. Experimental results demonstrate an RCS
reduction bandwidth of around 90%. Further the RCS reduction remains stable with polarization and
incident angle variation.
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Reducing the radar cross-section (RCS) is an integral part of safeguarding assets, augmenting military efficacy,
and maintaining a strategic advantage in modern warfare. Research is ongoing to develop and improve techniques
for RCS reduction'. The manipulation of electromagnetic wave polarization with metasurfaces has emerged as
an effective way to reduce RCS, and it has garnered significant interest. Smith et al.? introduced metamaterials,
which are man-made substances with unique properties. These materials consist of subwavelength-sized electric
& magnetic resonators arranged in a periodical structure. Metasurfaces are the 2-dimensional and planar version
of metamaterials that have several advantages, including compactness and seamless integration with devices.
Metasurfaces have shown promise as polarization converters®-®. Polarization Conversion Metasurfaces (PCM)
have garnered considerable attention in RCS reduction applications, like in antenna®'? and target structural RCS
reduction’®-?°. They transform incident waves into cross-polarized waves, leading to scattering wave cancellation.
Unlike approaches utilizing multiple unit cell types?!~%¢, arranging a single type of PCM in checkerboard
configuration can effectively reduce RCS across a wide bandwidth®-*. Another approach for reducing RCS is by
using coding metasurfaces’’~*. Coding metamaterials and digital metamaterials have potential to regulate the
scattered electromagnetic waves by using designs that incorporate code sequences of “0” and “1”. This approach
enables different functions like abnormal reflection, polarisation conversion, scattering beams diffusion, all
contributing to achieving low RCS. In the existing literature, polarization conversion has been observed to
be affected by both incident angles and the polarization of the incident waves. However, several studies have
been conducted to explore designs that are insensitive to polarization and angle, as reported in**-*!. While
some researchers, have reported an incident angle-insensitive polarization rotator, they have not carried out
RCS analysis®**-*%. Recently, Liu et al. proposed a novel approach for designing polarization-insensitive and
angle-stable response®. Other studies***"*-* have also reported achieving RCS reduction in a wide bandwidth
using symmetrical metasurfaces that exhibit polarization and incident angle independence. In*!, they achieved
polarization and angle insensitivity using a symmetrically optical transparent metasurface, which resulted in
broadband mono and bi-static RCS reduction with a bandwidth of 61.5%. In the reported works, resonating
elements of different size are utilised to achieve multiple resonances which increases the number of parameters
in the design.

In this paper, we present the design of an array based on simple elliptical structure to reduce radar cross-
section (RCS) over a wide bandwidth. The RCS reduction achieved is insensitive to incident polarization and
angle of incidence. We first evaluate a polarization rotation surface and then a conventional checkerboard
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arrangement for RCS reduction. To achieve polarization insensitivity, we use a double-layer structure. The top
layer has ellipses arranged in a checkerboard pattern with +45 and —45° orientations. The bottom layer has
ellipses arranged in 0° and 90° orientations, with a ground on the back side.

Design of PCM unit cell

The suggested unit cell, elliptical in shape, is fabricated on a single-layer, 3.2 mm thick FR4 substrate with ¢, and
‘tan 8 being of 4.3, and 0.02, respectively. The choice of substrate thickness was indeed a critical design parameter.
A thicker substrate was selected to support the broader bandwidth and to ensure sufficient structural rigidity*>*°.
There is a trade-off between the substrate thickness and the operational bandwidth, with thicker substrates
generally enabling broader bandwidths at the cost of increased weight and potential manufacturing complexity.
To rotate the vertically or horizontally polarized incident electric field, the ellipse structure is diagonally aligned.
Unit cell is stimulated in CST by a Floquet port excitation. The optimised geometry of the elliptical unit cell with
ground plane is depicted in (Fig. 1).

The polarization rotation of a surface can be determined by analysing the response to the incoming
electromagnetic radiation. This assessment involves analysing the response of the meta-surface to the incoming
radiation. The polarization conversion ratio (PCR) of the polarisation rotation reflective surface (PRRS) can be
estimated*” as,

|’xy‘2
PCR= — 2L 1)
[y ” + [y
here i = |2 _ |7 . . -
where in, 1y, = |_)E. ‘ andry, = m represent the reflection ratios for the y-to-x and y-to-y polarization
iy

v
rotations. Here, E;, denotes electric field of the incident y-polarised electromagnetic wave, while E,, and E;y
refers to the x- and y-polarised reflected waves, respectively. Figure 2 shows the simulated outcomes of r,,,, .,
and the calculated PCR, for the unit cell. It is clear from the plots that the proposed unit cell design is a PRRS
with almost 72% bandwidth (6.4 to 14 GHz), with the PCR consistently exceeding 90%. The polarization rotation
bandwidth reaches 72%, spanning from 6.4 to 14 GHz, with the PCR consistently exceeding 90%.

In Fig. 3a, the y-polarised incident electric field, E;, is separated as components, E;, and E,,, oriented along the
u & v axis, respectively, along 45 and 135° angles from the x-axis. This decomposition allows for an examination
of the PRRS behaviour*’. The magnitude and phase of the reflected electric fields, E,, and E,,, are plotted in
(Fig. 3¢,d). Notably, the magnitudes of the reflected fields are nearly identical and their reflected phase disparity
(A @) remains close to 180° across the frequency band from 6.4 to 14 GHz. Consequently, total reflected
electric field, E,, aligns parallel to x-axis in the + x direction and possesses the same magnitude as E;. Hence E,
is perpendicular to E;, thereby achieving a 90° polarization rotation. This is further confirmed by the reflection
coefficients ry, = 4/1 — cos(Ap/2 = 1and ryy=y/1 + cos(Agp)/2 =0 over the entire bandwidth. The structure

in (Fig. 3b) which is mirror reflection of (Fig. 3a), gives a reflected field in the -x direction as depicted.
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Fig. 1. The unit cell (a) top view (r=1.8 mm, r; =11 mm, P=12 mm) (b) side view.
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Fig. 2. Simulated results (a) ry,, r,, (b) PCR.
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Fig. 3. Polarisation conversion for a normally incident y-polarised plane wave (a)135° ellipse converter (b) 45°

ellipse (c) Reflection coefficient (d) Reflected phase disparity (A ¢).
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To investigate the wideband polarization conversion, the current distribution on the top and bottom layers
at the three resonant frequencies are plotted in (Fig. 4). The arrow indicates the direction of the current in the
top layer and ground plane. At all the three frequencies, surface current on the unit cell trigger current on the
ground plane. The orientation of these induced currents dictates the resonance category. Electric resonance
occurs when the currents on the metallic unit cell’s surface align in parallel with those generated on the ground
plane. Conversely, when the surface current on the upper unit cell and induced current on the lower ground plane
are oriented in opposite directions, creating loops of current, it leads to the magnetic resonance*.

Fabrication and measurement

A photograph of 24 x 24 array of PRRS unit cell fabricated on an FR-4 substrate is depicted in (Fig. 5a).
Measurement is conducted in an anechoic chamber utilizing a Keysight PNA N5227A network analyzer.
Schematic diagram and the photograph of the measurement set up are depicted in (Fig. 5b,c). To ensure plane
wave excitation, standard horn antennas (2-18 GHz) are placed at a far-field distance from the target. Time
gating is employed to minimize residual reflection. The structure is positioned for normal incidence with the
transmitting and receiving antenna kept side by side and calibrated using a PEC surface of identical size. The
measured co-polarization, cross-polarization, and PCR of the intended PRRS array under normal incidence of
‘y’-polarized EM waves are depicted in (Fig. 6a,b).

From Fig. 6, it can be noted that the designed structure achieves a polarization rotation bandwidth of 84%,
ranging from 5.7 to 14 GHz, with a PCR exceeding 90%. Satisfactory agreement is obtained between simulation
& measurement findings with some deviations at certain frequency points. Similar results are anticipated for
’x’-polarised incidence due to the symmetry of the structure.

RCS reduction with PCM
In order to observe the association between the PCR of the proposed PRRS and its effect in RCS reduction, we
have computed the RCS of the structure, with respect to PEC surface of the same size*.

lim 4nR2(@)2

RCS (dB) = 10log;o | =2

—hm 471R2(])2 = ryy(dB) (2)
R—o0

Using (1) we can deduce,
RCS = 10log(1 — PCR).

Now, a good RCS reduction over a wide frequency band is accomplished using a wideband PRRS with a
high PCR value. It is clear that PRRS is only affecting a rotation of polarization and this power is scattered in
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Fig. 4. Surface current patterns on unit cell at three resonating frequencies: (a) 6.8 GHz (b) 10.2 GHz, (c)
13.5 GHz.
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Fig. 5. (a) Fabricated prototype (b) Schematc diagram of the measurment setup (c) Measurement set up.
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Fig. 6. Simulated & measured (a) co & cross-polarized reflection coefficients, and (b) PCR.
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the incidental direction. As described in the Fig. 3a, b, two unit cells 90° to each other give the rotated field in
opposite directions. No energy is scattered along the incident direction in the same polarization. Therefore, a
checkerboard surface is formed by arranging the suggested unit cells in an orthogonal pattern. So that the rotated
fields get cancelled in the incident direction.

A 24 %24 array of PCM unit cells, along with their mirrors, is arranged in four sections, as portrayed in
(Fig. 7). The fabricated prototype is depicted in (Fig. 7a). The simulated array in Fig. 7b illustrates the direction
of the reflected electric field which aims to cancel the reflected electric field from various parts of the surface,
leading to a remarkable dilution in RCS. Simulated & measured RCS normally incident for TE & TM waves is
presented in (Fig. 7c). The chessboard arrangement using PRRS units attains an 84% bandwidth of 10 dB RCS
reduction (5.7-14 GHz) in comparison to a metallic plate of same size. The structure effectively reduces RCS for
both TE & TM polarised incidence waves, facilitated by mirrored ellipse unit cells across the X and Y’ axes.
Overall, there is satisfactory agreement among simulation and measurement outcomes within the frequency
band, with minor deviations.

Figure 8 displays 3D scattered pattern of the structure at 6.8 and 10 GHz, where RCS reduction is maximum.
These visualizations illustrate how the surface alters the direction of the incoming wave and reduces RCS. The
reflected waves from the surface divide into 4 segments at an elevation angle of 8 =20.8°, with segments each at
¢ =45, 135,225, and 315°. Figure 9 shows the suggested metasurface achieves over 28 and 30 dB RCS reduction
at the principal (¢ =90°) planes at 6.8 & 10 GHz, respectively, in comparison to the RCS of the metallic plate
(maximum).
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Fig. 7. (a) Fabricated prototype (b) Simulated array and (c) RCS reduction obtained.
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Fig. 9. Simulated RCS for the ¢ =0° (¢ =90°) plane compared with an equal-sized metallic plate (a) 6.8 GHz,
and (b) 10 GHz.

Polarization insensitive RCS reduction
Since the unit cells are oriented in 45°(135°) the polarization rotation or RCS reduction is obtained for 0° and
90° incident polarizations only. For achieving polarization insensitivity specifically for reducing RCS, a new
method is suggested. Instead of using a single-layer structure, another layer with unit cell arranged in different
orientations is employed. The schematic of this double layer structure is depicted in (Fig. 10a). The bottom layer
features vertically or horizontally etched ellipse structures with a ground on the backside, while the top layer is
identical to that in (Fig. 6). The two layers are perfectly aligned and closely packed without any air gap between
them. This configuration gives wideband RCS reduction where in the top and bottom layers with elliptical
unit cells arranged in different orientations nullify the reflected waves towards the antenna, irrespective of the
polarisation of the incident wave.

The structure’s performance was evaluated using the same set up used earlier. The measured RCS reduction,
compared to the simulations, is illustrated in the (Fig. 10b) The results indicate an RCS reduction bandwidth
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Fig. 10. (a) The proposed arrangement to achieve polarization-insensitive RCS reduction, and (b) Simulated
and measured results for TE & TM modes.

of 90%, ranging from 5.8 to 15.3 GHz, for both TE & TM polarizations. Due to fabrication imperfections and
measurement uncertainties, some deviations in the simulated and measured outcomes are observed.

So as to investigate the performance of the structure, the sample is fixed and measurement is taken with the
receiving antenna rotated from a horizontal polarization (¢ =0°) to a vertical polarization (¢ =90°), for different
incident polarizations(¢;). The measured results for normal incidence for different polarisation are depicted
in (Fig. 11a-f). The measured results demonstrate similar performance for all polarisation angles of EM wave
incidence.

To find out the effect of angle of incidence on the RCS reduction property of the proposed structure, we
studied bistatic RCS by varying incident angle(6) from 0 to 45°. The simulated result of the oblique incidence
from 0° to 45° for both TE and TM polarization are shown in (Fig. 12a,b). The results show that wider incident
angle stability is achieved. In order to verify the results experimentally, two standard horn antennas are used and
the transmitting antenna is positioned for different incident angles from 0 to 45° on the arch set up measurement
shown in (Fig. 5¢). At each incident angle, the reflection from the structure was measured using a receiving
horn antenna positioned at an angle to satisfy Snell’s law. The measured results are depicted in the (Fig. 12¢,d).

The performance of the proposed design is compared to similar designs previously documented, as depicted in
(Table 1). The proposed design showcases consistent and better performance in terms of bandwidth, insensitivity
to polarization, compactness and response to oblique incidence in comparison with other reported designs.

Conclusion

This paper proposes a new technique for reducing the RCS over a wide frequency range, while being insensitive to
the incident angle and polarization to a large extent. Initially, a surface formed of an ellipse-shaped unit cell and
its mirror image, helps decrease RCS over a wide bandwidth of 84%. However, this design is sensitive to incident
polarization. To address this, a double-layer structure is used, with each layer forming a checkerboard surface
with different orientations of ellipse structures. This approach achieves good RCS reduction over a wide frequency
range, which remains almost constant under changes in polarization and incident angles. The measured results
confirm that the structure is insensitive to polarization angles ranging from 0 to 90° and incident angles up to
45°. This property of the proposed compact structure make it ideal for reducing RCS in stealth techniques and
other similar applications.
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Fig. 11. RCS reduction curve at different polarization angles under various incident polarizations (a) 0° (b) 30°
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-10 dB RCS reduction
Ref Substrate material | Symmetricity bandwidth Thickness (mm) | Incidence angle insensitivity | Polarization angle insensitivity
3 FR4 Twofold symmetry | Not tested 3 mm <30° Polarization selective
» F4B & curing film | Fourfold symmetry | Not checked 4.16 mm Not shown 0<90°
o F4B-2 woven glass | Four fold symmetry | 80.7% (17-42 GHz) 1.5 0<40° Not tested
a Ordinary glass Four fold symmetry | 62% (18-34 GHz) 1.1 <45° Not tested
a FR4 Four fold symmetry | 52%(7-12 GHz) 3 0<30° Not tested
7 F4B Four fold symmetry | 76.9(8-18 GHz) 3 0<30° Only tested for xand y
polarization
8 RTduroid 5880 Four fold symmetry | 129% (11.3-51.7 GHz)RCS -7 dB | 1.6 0<40° <90°
Proposed | FR4 Two fold symmetry | 91% (5.7-15.3 GHz) 3.2mm <45° <90°

Table 1. Performance compared to other polarization insensitive structures.
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