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Low Profile Wideband Polarization Rotation Reflective Metasurface
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Abstract—A low profile metasurface, which rotates the polarisation of incident electromagnetic wave
upon reflection, is presented in this study. The design, which works over a large bandwidth of 67%, is
achieved by combining the effect of a circle and a triangle forming a unit cell. By proper modification,
the array is found to be useful in RCS reduction over a broad frequency range. Unlike many earlier
designs, this structure is of single layer and can be fabricated using standard process on a thin substrate
which is inexpensive and easily available. The results are presented with simulation and experiment.

1. INTRODUCTION

Electromagnetic wave polarisation characterizes orientation of electric field carried by such waves.
Since many exciting phenomena are sensitive to polarisation, it is desirable to effectively manage and
modify the polarisation state of electromagnetic waves generally. The polarisation convertor rotates
the polarisation of an incident wave in orthogonal direction. Polarization rotation reflective surface
(PRRS) that combines reflection and polarisation rotation finds widespread utilizations like the design
of reflector antennas [1, 2], the reduction of RCS, etc. [3–9]. The literature cites several instances of
PRRS, including a double V-shaped metasurface that offers 77% polarisation rotation bandwidth with
90% polarization conversion ratio (PCR) [10]. A cross-polarization converter based on an anisotropic
metasurface with a polarization rotator (PR) bandwidth of 59.2% and a PCR of 99% is reported [11].
Recently, a two-layered anisotropic surface with PCR more than 90% allows a broader bandwidth
of 121% [12]. A broad band (86%) hollow rhombus-shaped surface with PCR greater than 90% is
also reported in [13]. Several researchers have reported the development of polarization manipulation
surfaces for diverse applications, at infrared radiation (IR) and Terahertz range [14–19].

Polarization rotation reflective surface (PRRS) is extensively used for radar cross-section (RCS)
reduction [3–9]. Other types of structures such as artificial magnetic conductors (AMCs) [20–22],
electromagnetic bandgap (EBG) [23], and frequency selective surfaces (FSSs) [24]. Broadband RCS
reduction is obtained by combining AMC/EBG/FSS unit cells or by combining AMC/EBG/FSS surfaces
having distinct resonances. Two-layer chessboard arrangement [22] yields even greater bandwidths.
In [23], dual-band EBG structures are used to achieve a 10 dB RCS reduction.

Unlike the above-mentioned methods, RCS reductions can be achieved by putting PRRS in a
checkerboard arrangement with orthogonal orientation. It reduces manufacturing difficulties and costs
by streamlining the design. Due to this important property, there has been increased interest in
PRRS-related RCS reduction usages such as target structure RCS-reduction [3–7] and antenna RCS-
reduction [8, 9]. An ultra-wideband PRRS having a larger bandwidth of 103.6% and PCR being more
than 50% using quasi-L shaped patch giving 10 dB RCS reduction is reported [3]. Another PRRS made
up of L- and square-shaped patches along with four vias gave −10 dB RCS reduction bandwidth of
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98% [4]. Further proposal for a broadband architecture is proposed in [5] by a polarization conversion
metasurface with PCR over 90% whose 10 dB radar cross section bandwidth is 62%. In [6], a PRRS with
PCR of 99% was developed with a 10 dB RCS reduction bandwidth of 97.6% by employing four vias.
The polarisation conversion metasurface formed by five differently-sized square patches arranged in a
line along a 45-degree diagonal direction is also reported [7]. This design resulted in a 5 dB reduction
in RCS within a bandwidth ranging from 3.7 to 15.9GHz. Though aforementioned structures have
attained wideband behaviours, their inefficiency stems from the fact that the bandwidth enhancement
comes at the expense of its excessively large size or increased design complexity. Therefore, for practical
purposes, thin low-profile structures with larger bandwidth and higher PCR are needed.

In this paper, a low profile wideband PRRS with high PCR is presented. Expanding the PR
bandwidth, boosting PCR, and reducing the thickness and size of the unit cell are the objectives of the
design process that result in creating this structure. The PCR of the structure is more than 90%, and
its unit cell dimensions are 0.240λ0 × 0.240λ0 × 0.060λ0 giving a PR bandwidth of 67%. In addition
to these primary benefits, this structure is lightweight with low cost, which contribute to its practical
efficiency. The unit cells are arranged on a layout similar to a chessboard, with orthogonal orientation
in each of the four parts in order to lower the RCS across a broader bandwidth also demonstrated. The
proposed metasurface demonstrates a substantially wider bandwidth for reducing RCS compared to
similar works [7, 25–27]. Additionally, the proposed surface achieves a 10 dB RCS reduction bandwidth
exceeding 64% for TE and TM polarizations, for large incident angles up to 50 degrees.

2. DESIGN AND ANALYSIS OF THE PRRS

Suggested PRRS unit cell is a combination of a circle and an arrow-shaped structure on FR4
(h = 1.6mm, εr = 4.3) as shown in Fig. 1(a). The he dimensions of the structure are as follows:
r = 1.5mm, r1 = 1.8mm, d = 2.8mm, d1 = 2.4mm, d2 = 1.15mm, d3 = 0.2mm, and P = 6mm.
Floquet port excitation and unit cell boundary conditions are used to conduct the simulations. In the
‘X’ and ‘Y ’ directions, we use the unit cell boundary conditions, whereas in Zmax direction Floquet
port is employed. The simulated result for y polarized incidence is illustrated in Figs. 1(b) & (c).

Simulated results of ryy (co-polarisation) and ryx (cross-polarisation) reflections versus frequency
are represented in Fig. 1(b). It shows that ryy is less than −10 dB in the span of 12.3 to 23.6GHz.
PCR value, as determined by Eq. (1) in the next section, is more than 0.9 as shown in Fig. 1(c). At
three different resonance frequencies, 13, 17.7, and 22.8GHz, the PCR values are very close to 1. It
can be concluded that an efficiency of 90% is achieved in the conversion from y-polarized incident wave
to X-polarized reflected wave in the frequency band of approximately 12 to 24GHz. Attributed to the
symmetry of the unit cell, outcome remains unaltered for X-polarized incident waves.

2.1. Theoretical Analysis

Consider a regularly incident Y -polarized electromagnetic (EM) wave travelling in ‘Z’ direction incident
on a PRRS. The PCR is defined as [4]:

PCR =
|rxy|2

|rxy|2 + |ryy|2
(1)

where rxy =

∣∣∣−−→Exr

∣∣∣∣∣∣−→Eyi

∣∣∣ and ryy =

∣∣∣−−→Eyr

∣∣∣∣∣∣−→Eyi

∣∣∣ (2)

−→
Eyi is an incoming wave with a linear y polarisation,

−−→
Eyr and

−−→
Exr are electric fields that have been

reflected with y and x polarisations, respectively. It is possible to separate Y -polarized incident wave
as illustrated in Fig. 2. The incident wave may be written as,

⇀

Ei = Eie
jkzY (3)

Equation (3) can be resolved in ‘u’ and ‘v’ components as,
⇀

Ei =
√
2/2Eie

jkzu+
√
2/2Eie

jkzv = Eiu + Eiv (4)
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Figure 1. (a) Structural geometry (r = 1.5mm, r1 = 1.8mm, d = 2.8mm, d1 = 2.4mm, d2 = 1.15mm,
d3 = 0.2mm, and P = 6mm). (b) Simulation results of co(ryy) and cross(ryx) polarisation reflection,
(c) PCR under ‘Y ’ polarized incidence.
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Eu

r

Ev
r

]
=

[
ruu ruv
rvu rvv

] [
Eu

i

Ev
i

]
(5)

⇀
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√
2/2
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ruuEie

j(−kz+∅uu) + ruvEie
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]
u+

√
2/2[rvvEie
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+ rvuEie
j(−kz+∅vu)]v = E⃗ru + E⃗rv (6)

where ruu, ruv, rvu, rvv represent co & cross polarized reflection coefficients, and ∅uu, ∅vu, ∅vu, ∅vv
are the corresponding reflection phases. Amongst ruu and rvv there is a phase difference of ∆∅.
Electric field directions across the ‘u’ & ‘v’ axes will switch reversely, if ruu = rvv and phase difference,
∆∅ = ∅uu − ∅vv = 1800. Then resultant of Eru and Erv will be oriented across the x-axis.

Figure 2(a) depicts the incident ‘Y ’ polarized wave, its resolution into the ‘u’ and ‘v’ directions
(Eiu and Eiv), and the resultant reflected wave. In Fig. 2(a), the unit cell performs a 90◦ rotation on
the y-polarized incident wave Ei, transforming it into an X-polarized reflected wave. For the mirror
image of this unit cell, illustrated in Fig. 2(b), the procedure described above applies, except that Er is
oriented along ‘−X’ direction.
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(a) (b)

(c) (d)

Figure 2. Waves resolved into orthogonal components ‘u’ and ‘v’ (a) unit cell, (b) mirror of unit cell,
(c) reflectance amplitude (ru = Eru

Eiu
and rv = Erv

Eiv
), (d) corresponding phase.

Figures 2(c) & (d) depict reflection amplitude and phase difference with the incident plane
electromagnetic wave components across the ‘u’ and ‘v’ axes. Both reflection curves have amplitudes
proximal to 1, and the phase difference between them is almost 180◦ in the range 12.3 to 23.6GHz.
This means that significant polarization conversion efficiency has been achieved.

2.2. The Evolution of the Designed Structure

The proposed unit cell undergoes a three-stage evolutionary process to enhance its performance and
achieve a broader bandwidth. In the initial stage, a rectangular strip measuring 5.5× 3mm is designed,
resulting in a bandwidth of 10–14.5GHz, as depicted in Fig. 3(a). The length is roughly equal to half

(a) (b) (c)

Figure 3. Simulated results of co & cross polarisation reflections (a) stage 1, (b) stage 2, (c) stage 3.



Progress In Electromagnetics Research C, Vol. 137, 2023 43

wavelength in the dielectric (e = 4.3, h = 1.6mm) for this frequency band. Next, a triangular structure
is added to the strip as shown in Fig. 3(b), without changing the overall length. Here again, the unit
cell remains a polarization rotator (PR), but the bandwidth achieved is limited to 12.5–15.9GHz. In
the third stage, a trapezoidal section is cut from the triangular structure as depicted in Fig. 3(c).
This modification enhances the bandwidth, but with reduced matching across some frequencies. Now,
a truncated circle shape is attached to the triangle, replacing the rectangular section at the bottom,
which gives a better performance across a broader frequency range. This new configuration, shown in
Fig. 1(a), produces notable improvements, as seen in Fig. 1(b). With this design, the unit cell provides
an enhanced bandwidth with better matching performance.

2.3. Parameter Optimization

Thorough parameter analysis is conducted to learn more about the impact that the variables shown in
Fig. 1(a) have on the reflection rotation properties. Fig. 4(a) illustrates the effect of varying ‘d’ with
other variables held constant. As ‘d’ is incremented, the resonant frequency decreases; the bandwidth of
the PRRS narrows down; and multi band PR is achieved. The optimum value of ‘d’ is taken as 2.8mm.

The effect of base length variable ‘d1’ is studied in Fig. 4(b). It is plain to notice that the base
length variation of the triangle does not have much effect on the performance. Figs. 4(c) & (d) show
the effect of height of rectangular cut width ‘d2’ in the triangle and width of the rectangular strip ‘d3’
attached to the rectangular cut. It is found that the variation of ‘d2’ has almost zero effect. But the
variation of ‘d3’ causes a reduction in bandwidth, and the optimum value chosen is 0.3mm. The effect
of periodicity is studied and shown in Fig. 4(e). The optimum value of periodicity P = 6mm.

Surface current distributions on the structure are studied at three resonating frequencies to deduce
the physical mechanism behind this PR. The simulated surface current distributions on upper and lower
layers of the metasurface at 13, 17.7, and 22.8GHz are analysed in Figs. 5(a), (b), & (c).

At 13 & 17.7GHz, anti-parallel currents are produced on both upper and bottom planes. It
indicates the presence of magnetic resonance, which is caused by the formation of current loops in the

(a) (b)

(c)    (d)
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(e)

Figure 4. Parametric study of the PRRS by varying (a) ‘d’, (b) ‘d1’, (c) ‘d2’, (d) ‘d3’ and (e) ‘P ’.

(b) (c)(a)

Figure 5. Surface current distribution in upper and lower layer of suggested structure at various
resonating frequencies (a) 13GHz, (b) 17.75GHz and (c) 22.86GHz.

intermediate dielectric layer [28–30]. In contrast, electric resonance occurs around 22.8GHz when the
surface current along the structure is parallel to that on the background sheet. As per the interpretation
of results, these magnetic resonances and electric resonance are responsible for the suggested reflecting
type polarisation converter’s broadband character.

3. FABRICATION AND MEASUREMENT

In order to test the PRRS, a 10 × 10 array of PRRS unit cells is prototyped on an FR4 substrate.
The pattern is etched using the conventional photolithographic process. The structure of the PRRS
is depicted in Figs. 6(a) & (b). The graphs of co- and co-polarization reflection and PCR are shown
in Figs. 7(a) & (b), which match up well with those of the unit cell. Measurements are done in ‘Ku’
and ‘K’ bands in an anechoic environment using Keysight PNA N5227A network analyser (10–67GHz)
as demonstrated in Figs. 6(c) & (d). The target is placed at a distance of 2m from the antennas in
order to fulfil the far field condition. Also, time gating was utilized to minimise any number of residue
reflections. The structure is placed in front of antennas, and the horns are properly aligned to ensure
normal incidence. The two antennas can transmit or receive either ‘Y ’ or ‘X’ polarized waves.

The measured data of PRRS is normalised by comparing it with PEC surface of the same size.
The results for the PRRS array for normal incidence of ‘Y ’ polarized EM wave for ‘Ku’ and ‘K’ bands
are given in Fig. 7. The measured result shows that the bandwidth of 67% ranging from 12 to 24GHz
is obtained with PCR greater than 90%. The matching between simulated and measured findings is
satisfactory in the frequency range with some deviations at a few frequency points. The same result is
expected for ‘X’ polarized incidence owing to symmetry of structure.
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(a) (b)

(c) (d)

Figure 6. (a) PRRS array, (b) fabricated prototype, (c), (d) measurement setup.

(a)

(b)

Figure 7. Cross- and co-polarization reflection and PCR (a) Ku band, (b) K band.



46 Indhu et al.

4. RCS REDUCTION BASED ON PRRS

4.1. Theory, Design and Results

Here the suggested PRRS is applied to RCS reduction. By taking advantage of polarisation conversion
characteristics, the metasurface is assembled in a checkerboard configuration as illustrated in Fig. 8. For
‘Y ’ polarized incident wave, the reflected wave is converted to ‘X’ and ‘−X’ polarized ones by orthogonal
array elements in the checkerboard as shown in Fig. 8(c). Hence, reflected fields get cancelled resulting
in wideband RCS reduction. Due to symmetry, the same result is obtained for X polarized incidence.

(a)                                (b)   

(c)

Figure 8. (a) Simulated array. (b) Fabricated prototype. (c) Reflection mechanism of the checkerboard.

The RCS reduction of this structure, ryy (dB) in comparison to that of a similar sized PEC surface,
may be approximately calculated as follows [31]:

ryy(dB) = 10log10


lim

R→∞
4πR2

(∣∣Ery

∣∣∣∣Eiy

∣∣
)2

lim
R→∞

4πR2 (1)2

 = 10 log10 [1− PCR] (7)

It is possible to draw the following conclusion from the equation shown above: in order to attain
an acceptable RCS reduction across a large frequency range, one must use wideband PRRS that has a
high PCR (more than 0.9). As a result, the suggested unit cells are laid out in an orthogonal pattern
over four sections to create a checkerboard surface.

A 5 × 5 array of the suggested PCM unit cells and its mirrors are laid out in four sections as
depicted in Figs. 8(a) and (b) to verify the proposed hypothesis. RCS reduction of the checkerboard
surface for TE and TM incident waves for normal incidence is portrayed in Fig. 9(a). The measured
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bandwidth ranges from 11.67 to 23.7GHz. The maximum RCS reduction obtained is 40 dB at 12.7GHz
and 18GHz. The suggested structure is effective in reducing the RCS for both TE and TM polarized
incident waves due to the presence of mirror arrow PCM unit cells along both the ‘X’ & ‘Y ’ axes.
Matching between simulated and measured findings is satisfactory in the frequency range with some
minor deviations. The fabrication imperfections and measurement uncertainties play an important role
in causing this difference. Figs. 9(b) and (c) demonstrate the performance for TE and TM polarized
oblique incident waves up to an incidence angle of 60◦. As can be shown, the suggested metasurface has
a 10 dB RCS reduction of over 66% for TE-polarization and over 64% for TM-polarization at incidence
angles up to 50◦.

(a)

(b)

(c)

Figure 9. (a) RCS reduction K and ku band for normal incidence, (b) RCS variation with incidence
angles for TE waves, (c) for TM waves.
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(a)

(b)

(c)

Figure 10. (a) 3D illustration of the RCS pattern of the metasurface, (b) ϕ = 90◦, (c) ϕ = 45◦.

Figure 10(a) depicts the 3D scattered pattern of suggested metasurface at 12.7 and 18GHz, which
corresponds to the dips in RCS decrease vs frequency characteristics shown in Fig. 9(a). These graphs
demonstrate how the surface deflects the incident wave and lowers the RCS. The reflecting fields from
the surface are split into four at an elevation of θ = 20.8◦, one each at ϕ = 45◦, 135◦, 225◦, and 315◦.
As illustrated in Figs. 10(b) & (c), the suggested metasurface reduces the RCS at ϕ = 90◦ and ϕ = 45◦

planes over 40 dB and 30 dB at 12.7GHz and 18GHz accordingly, in comparison to the maximal RCS
at these frequencies.

5. PERFORMANCE-COMPARISON

Table 1 summarises the parameters of the design in comparison to previous works. Our suggested
architecture with minimal manufacturing complexity achieves the reported 10 dB RCSR bandwidth
of 69% while significantly reducing overall size and thickness, as shown in the table. The suggested
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Table 1. Performance compared to other wideband RCS suppressors.

Ref.

No.
Method RCS reduction BW

Electrical size (width ×
length × thickness)

No. of

layers
No. of vias

Fabrication

complexity

[23] EBG
61% (3.94–7.4GHz)

24% (8.4–10.72GHz)
0.18λ0 × 0.18λ0 × 0.18λ0 single 0 Moderate

[20] AMC 91% (3.75–10GHz) 0.18λ0 × 0.18λ0 × 0.18λ0 single 0 Moderate

[21] AMC 96.7% (8.11–23.32GHz) 0.28λ0 × 0.28λ0 × 0.05λ0 Three 0 Moderate

[3] PRRS
103.6% (5.98–18.84GHz)

PCR = 50%
0.23λ0 × 0.23λ0 × 0.05λ0 single 2 Moderate

[4] PRRS 98% (6.1–17.8GHz) 0.12λ0 × 0.12λ0 × 0.12λ0 single 4 High

[35] PRRS 97.69% (4.44–12.92GHz) 0.08λ0 × 0.08λ0 × 0.08λ0 Two 4 High

[32] PRRS

X-polarized 97.50%

(5.2–15.0GHz)

y-polarized 112.50%

(4.77–17.08GHz)

0.15λ0 × 0.15λ0 × 0.06λ0 Three 0 High

[6] PRRS 97.69% (4.44–12.92GHz) 0.08λ0 × 0.08λ0 × 0.08λ0 Two 4 High

[33] PRRS 126.5% (9–40GHz) 0.25λ0 × 0.25λ0 × 0.08λ0 Two 0 High

[25] PRRS 39% 7.6–11.3GHz 0.21λ0 × 0.21λ0 × 0.086λ0 single 0 Low

[36] PRRS
106.7% (5 dB bandwidth)

6.3–20.7GHz
0.21λ0 × 0.21λ0 × 0.077λ0 single 0 Low

[31] PRRS

103.6%

(3 dB bandwidth only)

5.98–18.84GHz

0.24λ0 × 0.24λ0 × 0.06λ0 single 0 Low

[34] PRRS
89.5% (5 dB BW)

(8.2GHz to 21.8GHz)
0.19λ0 × 0.19λ0 × 0.05λ0 single 0 Low

[26] PRRS
9.49% (8.33GHz–9.16GHz)

38.16% (12.81GHz–18.85GHz)
0.21λ0 × 0.21λ0 × 0.13λ0 single 0 Low

[27] PRRS 80% (6–14GHz) 0.2λ0 × 0.2λ0 × 0.11λ0 single 0 Low

This study PRRS
69% (11.6–23.7GHz)

PCR > 90%
0.240λ0 × 0.240λ0 × 0.060λ0 single 0 Low

surface is constructed on a lightweight, inexpensive FR-4 substrate, which reduces cost and increases
its practical utilities.

6. CONCLUSION

A novel PRRS is conceptualised, modelled, and prototyped for wide band RCS reduction. The PRRS
unit cell used here has a size of just 0.24λ0 × 0.24λ0 × 0.06λ0 at its lowest operational frequency. The
measured result of the proposed design shows more than 90% of PCR in its operating bandwidth. This
wideband PRRS was implemented for RCS reduction. This wide-band behaviour is obtained despite
the fact that total dimensions and thickness of the structure are lower than those of previous methods.
The primary benefits of this design are a high bandwidth, a miniaturized design having less thickness,
a lighter weight, and less complicated prototype-fabrication, amongst other benefits. They make it
appropriate for practical applications.
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