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Abstract
An highly miniaturized multiband polarizer for C to Ka-band applications is proposed. The
polarizer design consists of resonating patch printed on top of the FR-4 grounded substrate.
During reflection, the x/y polarized incident EMwave becomes circularly polarized with Axial
Ratio (AR ≤ 3 dB) from 7.88 to 8.01 GHz, 9.01 to 11.65 GHz, 15.36 to 36.57 GHz, and
31.88 to 35.38 GHz, respectively. In addition, this design also demonstrates linear–cross con-
version with a minimum 90% Polarization Conversion Ratio (PCR) from 8.28 to 8.60 GHz,
12.56 to 14.19 GHz, and 28.26 to 30.59 GHz. Transfer Matrix Method (TMM) explains the
polarization conversion phenomena, and surface current distribution at resonant frequen-
cies supports the multi-polarization conversion phenomena. The proposed design is compact
with a periodicity of 0.063λL × 0.076 λL, where λL is the free-space wavelength correspond-
ing to the lowest operating frequency. The fabricated prototype is verified experimentally.
The authors believe that the features of the proposed design, like multiband, miniaturized
unit cell architecture, and better angular stability, make it a promising contender for satellite
applications.

Introduction

Information regarding the direction of the electric field oscillating in a plane perpendicular to
the electromagnetic (EM) wave propagation path can be gleaned from the wave polarization
[1]. In various real-time applications like polarization manipulation [2], wavefront controlling
[3], RCS and optical communication [4], controlling EM wave polarization plays a major role.
EM polarization is generally altered by birefringent crystalline solids and liquids [5]. The weak
anisotropic nature of available crystals necessitates much thicker components, so these con-
verters become cumbersome and power-intensive. Compact hardware will become increasingly
important as technology continues to shrink in size [6].

The research community has been bolstered by the advent of frequency selective sur-
faces (FSSs) technology [7] in the design of various 2D polarizers for cutting-edge wireless
applications [8]. The development of FSS technology has piqued the interest of researchers
in manipulating the amplitude, phase, and polarization states of electromagnetic waves [9].
Reportedly, it is possible to control the propagation states of EM waves in both reflection and
transmission modes across the spectrum [10]. Using square split rings as its basis, a small and
efficient microwave linear–cross polarizer shows unity cross-pol reflectance in the 8.2–23 GHz
frequency range [9]. An ultrathin reflective polarizer was proposed with two bands, one for
4.40–5.30 GHz and the other for 9.45–13.60 GHz [11]. Using an H-dipole configuration, a
linear–cross and circular–circular reflective polarizer is demonstrated from 18 to 40 GHz entire
K- and Ka-band range [12]. Broadband linear–cross conversion using asymmetric meanderline
structures is demonstrated, and this design may keep its handedness even when subjected to a
circularly polarized wave [13].

Unlike linear polarization (LP), circular polarization (CP) is unaffected by factors like
Faraday rotation, multipath fading, and polarization mismatch [14]. Linear-to-circular polar-
ization converters (LCPCs) based on FSSs are now required to exploit all features, such as
wideband, that are absent or difficult to implement with direct circularly-polarized (CP) anten-
nas [15] due to the limitations of CP antennas such as their narrow bandwidth, complex feeding,
and polarization orthogonality. To control linear and circularly polarizedwaves in the frequency
ranges of 4.40–5.30 GHz and 9.45–13.60 GHz, a metasurface based on concentric rectangular
FSS is presented [11]. A reflective linear–circular polarizer based on the Jerusalem cross, with an
X-band bandwidth of 15% and anAxial Ratio (AR) of nomore than or equal to 1 dB, is suggested
for circular polarization conversion [16]. A two-dimensional double L-type resonator demon-
strates multiband reflective type multi-polarization conversion [17]. A broadband linear-cross

https://doi.org/10.1017/S1759078725101864 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078725101864
https://doi.org/10.1017/S1759078725101864
mailto:sukomal.iitpkd@gmail.com
https://orcid.org/0000-0002-0597-5136
https://orcid.org/0000-0003-4167-7918
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/S1759078725101864&domain=pdf
https://doi.org/10.1017/S1759078725101864


International Journal of Microwave and Wireless Technologies 621

(a) (b)
Figure 1. (a) Top FSS, (b) side view of the proposed polarizer
unitcell.

(a) (b)

Figure 2. Simulated (a) magnitudes and (b) phases of
the co-pol and cross-pol reflectances of the proposed
polarizer.

(a) (b)

Figure 3. Simulated (a) PCR and (b) AR (dB) of
performance of the proposed multiband reflective
polarizer.

reflective polarizer that is both flexible and has an average polar-
ization conversion ratio (PCR) of 85% is designed to oper-
ate from 11.3 to 20.2 GHz [18]. In Li et al. [19], a broad-
band ultrathin linear–circular polarizer is also invertible. This
single-layered design can transform linearly polarized waves into
circular ones and vice versa, thanks to the anisotropic opti-
cal resonances it induces. Different polarizers are introduced
in the literature, from microwave [20] to optical regimes [10].
However, compact, highly miniaturized oblique angular stable
multiband linear–cross and linear–circular conversions with CP
in consecutive bands are desired for real-time sub-miniaturized
applications.

Considering these factors, this work proposes a simple reflec-
tive polarizer that can execute LCPC in three frequency bands
of 0.13 GHz (LHCP/RHCP in C-band), 2.64 GHz (RHCP/LHCP
in X-band), and 21.21 GHz (LHCP/RHCP in Ku to Ka-bands).
Furthermore, it is capable of linear-cross polarization conversion
with bandwidths including 0.32 GHz (X-band), 1.63 GHz (Ku-
band), and 2.33 GHz (Ka-band). Extremely small footprint unitcell

area (0.478𝜆2
L/100) and considerable angular stability in transverse

electric (TE) and transverse magnetic (TM) modes along with CP
orthogonality.

This study suggests a unique linear–circular and linear–cross
polarizer metasurface of a reflecting kind featuring two polar-
ization layers. Section “Design of polarizer unitcell and simula-
tion results” provides a comprehensive overview of the unitcell’s
design and its simulation results. In Section “Proposed polar-
izer analysis using transfer matrix method”, the analysis for the
multi-conversion is elaborated. The surface currents and elec-
tric field distributions are investigated and the reason for the
multi-band conversion is detailed in Section “Surface current
distribution analysis at resonant frequencies”. The prototype fab-
rication and comparison of the simulated and measured find-
ings obtained using free-space measurement technique is demon-
strated in Section “Polarization converter fabrication and free
space measurement”. Finally, Section “Conclusion” concludes the
work after observing a good match between the simulation and
measurements.
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(a) (b)

(c)

(d)
(e)

(f)

Figure 4. Simulated PCR for the (a) TE, (b) TM for different elevation angles (θ), and (c) for different 𝜑. Simulated AR for the (a) TE, (b) TM for different elevation angles (θ),
and (c) for different 𝜑.

Design of polarizer unitcell and simulation results

The proposed multiband polarizer’s unitcell design resembles a C-
shaped patch with two horizontal dipoles, as shown in Fig. 1. As
the dielectric spacer, commercially available FR-4 substrate and
a 0.035 mm thin copper layer (with conductivity, σ = 5.8 × 107

S/m) are used to serve the purpose. Due to its inherent wideband
performance, the reflective type polarizer was chosen here. ANSYS
HFSS, a finite element method (FEM) based solver, is used to sim-
ulate an infinite array and optimize the dimensions of the final
unitcell for the desired performance by imposing the necessary
periodic boundary conditions (PBCs). Final unitcell dimensions
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(a)

(b) (c)

Figure 5. (a) Schematic of the polarizer unitcell
including uv-axis. Simulated (b) magnitudes of ruu and
rvv, (c) relative phase (Δφ).

Table 1. Summary of polarization conversion for different magnitudes and relative phases

Sl no 𝝋u 𝝋v 𝚫𝝋 = 𝝋u − 𝝋v ruu rvv Reflected field (⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗Er) Polarization conversion

1 π 0 +π −1 +1 ⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗Er = (−Eu
i ũ + Ev

i ̃v)e−jkz Linear–cross(negative x-direction)

2 0 π −π +1 −1 ⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗Er = (+Eu
i ũ − Ev

i ̃v)e−jkz Linear–cross(positive x-direction)

3 −π /2 +π +π/2 −j −1 ⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗Er = (−jEu
i ũ −v

i ̃v)e−jkz Linear–circular (LHCP)

4 +π /2 −π −π/2 +j −1 ⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗Er = (+jEu
i ũ − Ev

i ̃v)e−jkz Linear–circular (RHCP)

are: ph = 2.88 mm, pv = 2.4 mm, l1 = 2.56 mm, l2 = 1.76 mm,
l3 = 1.28 mm, w = 0.16 mm, g = 0.48 mm and d = 1 mm, as
shown in Fig. 1.

For the y-polarized wave incident on the proposed design, the
co-pol (ryy = ∣Eyr∣ / ∣Eyi∣), and the cross-pol (rxy = |Exr| / ∣Eyi∣)
reflectances are defined. The indices x and y are the field oscil-
lating directions and the terms |Ei| , |Er| are the incident and
reflected field components, respectively.The simulatedmagnitudes
and phase results are shown in Fig. 2(a) and 2(b), respectively.
The ryy component reaches a minimum of −15.34 dB, −26.24 dB,
−24.67 dB, and 40.2 dB at 11.4 GHz, 16.3 GHz, 32.5 GHz, and
40.2 GHz, respectively.

In comparison, the cross-pol component reaches almost 0 dB,
demonstrating the perfect linear-cross polarization conversion
over these ranges. The simulated PCR, PCR = r2xy/ (r2xy + r2yy) of
the proposed design is shown in Fig. 3(a) and shows a minimum
of 90% over 7.88–8.01 GHz, 9.01–11.65 GHz, 15.36–26.57 GHz,
and 31.88–35.38 GHz with fractional bandwidth of 3.79%, 12.19%,
and 7.92%. The design performance is not limited to linear-
cross conversion; it also exhibits linear-circular conversion in
other frequency ranges when both co-pol and cross-pol mag-
nitudes are equal and relative phase shift of ± 90o. The linear-
circular conversion efficiency is determined by AR, as calculated
below [15],

R = rxy/ryy (1)

Schi, 𝜒 = 0.5sin−1 (2Rsin (Δ𝜙)
1 + R2 ) (2)

Axial Ratio, AR = |1/tan (𝜒) (3)

In this context, the shape of the polarization ellipse is described
by Schi (χ). As illustrated in Fig. 3(b), the simulated AR remains
within the range of ≤ 3 dB from 7.88 to 8.01 GHz, 9.01 to
11.65GHz, 15.36 to 26.57GHz, and 31.88 to 35.38GHzwith 1.64%,
25.56%, 53.47%, and 10.41% FBW, respectively.

It is important to study how the performance of the trans-
verse electric (TE) and transverse magnetic (TM) modes varies
with the angle of incidence for both modes because, in real-world
circumstances, the incoming wave on the metasurface is not typ-
ical. For both the TE and TM incidences, the performance of the
polarizer is investigated under a range of oblique incident angles,
from 0o to 45o, with 15o intervals. The fact that the input surface
impedance perceived by the EM wave differs for various angles
and modes is significant if the incidence angle changes. Figure 4
depicts the simulated PCR and AR for TE and TM incidences.
It is clear that the response of the polarizer is stable up to 45o,
and the performance degrades at angles above and beyond that
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(a) (b) (c)

(d) (e) (e)

Figure 6. Simulated surface current distributions for the top FSS at (a) 11.4 GHz, (b) 16.3 GHz, (c) 32.5 GHz, and for the ground at (d) 11.4 GHz, (e) 16.3 GHz, (f) 32.5 GHz.

due to the weak field couplings. As shown in Fig. 4, the suggested
design shows a nearly steady response up to 45o, but performance
drops at greater oblique angles because of grating lobes and weak
field couplings. Reflectance phases provide a good explanation
for the behavior of PCR at different oblique angles, even though
PCR only takes reflectance magnitudes into account. PCR band-
width decreases as the incidence angle is tilted from the normal.
The amplitude and phase of the cross-pol component (rxy) remain
almost constant, but the co-pol reflectance strongly depends on
the incidence angle [16]. There is a phase difference between
normal incidence as determined by Bragg’s diffraction and the
additional path between the metasurface and the ground, which
greatly affects the phase of co-pol reflectance. Although reflectance
magnitudes are the focus of the PCR calculation, their behavior at
larger oblique angles is better explained by considering the reflec-
tion phases. Since there is an extra path from the metasurface to
the ground at higher angles, the co-pol reflectance has a different
phase than normal incidence, as determined by Bragg’s diffraction
[21],

Δ𝜙 = 𝜙oblique − 𝜙normal = 2
√

𝜀rkd
⎛⎜⎜⎜⎜⎜
⎝

1

√1 − sin2𝜃
𝜀r

− 1
⎞⎟⎟⎟⎟⎟
⎠

(4)

In this case, k is the wave vector in the dielectric medium, and
θ is the angle the incident wave makes with respect to the nor-
mal polarizer. Not limited to that, the PCR and AR performance
variation for different azimuthal incidences (𝜑) varies from 0o to
90o in 45o steps are investigated. It is clear that, for 𝜑 = 45o, the
incident wave converts into cross and circular polarization. For the
other incidences such as 𝜑 = 0o, and 90o, the linearly y-polarized
incidence wave will be reflected as it is without any polarization
conversion, which is clear from Fig. 4(c) and 4(f). The next section
discussed the conversion mechanism in detail.

Proposed polarizer analysis using transfer matrix method

The underlying physical mechanism of polarization conversion is
explained better by defining two axes, u- and v, as in Fig. 3(a). For
a wave travelling in a negative z-axis direction, the incident elec-
tric field is given by ⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗Ei = (Eu

i ̃u + Ev
i ̃v)ejkz , where Eu

i , and Ev
i are

the components along the uv-axes. Using TMM, the reflected field
[⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗ ⃗Er] = [Rlin] [⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗Ei] is expressed as,

[ Eu
r

Ev
r

] = [ ruu ruv
rvu rvv

] [ Eu
i

Ev
i

] (5)

The impact of the cross-pol reflectance is negligible because the
unitcell design is symmetric about uv-axes. Then the reflected filed
component would be summarized as

⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗ ⃗Er = (ruuEu
i ũ + rvvEv

i ̃v)e−jkz (6)

Fig. 5(b) and 5(c) show the simulated amplitudes and phases of
the co-pol reflectances ruu and rvv. It seems clear that the magni-
tudes of ruu and rvv are nearly unity over the band, with a small
dip at frequencies of 11.19 GHz, 16.11 GHz, and 33.07 GHz. The
mode at 11.19 GHz is more dominant (with a higher Q-factor)
among others. Then, ruu = ej𝜑u, rvv = ej𝜑v and Δ𝜑 = 𝜑u − 𝜑v,
if the substrate loss is disregarded. Table 1 compiles all the possi-
ble ruu and rvv magnitude and phase combinations, which require
different polarization conversions [22].

It is also important to know the reason behind the wideband
polarization conversion, which would be determined by under-
standing the surface current distribution analysis, which is detailed
in the next section.

Surface current distribution analysis at resonant
frequencies

In this section, the surface current distribution analysis of the
top FSS patch and the ground plane are investigated at different
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(a) (b) (c) (d)

(e) (e) (g) (h)

(i) (j) (k) (l)

Figure 7. Simulated electric field of the reflected wave from the polarizer for 13.78 GHz incident wave at incident phase (a) ϕ = 0o, (b) ϕ = 90o, (c) ϕ = 180o, (d) ϕ = 270o.
For 19.52 GHz incident wave at incident phase (e) ϕ = 0o, (f) ϕ = 90o, (g) ϕ = 180o, (h) ϕ = 270o. For 36.12 GHz incident wave at incident phase (i) ϕ = 0o, ( j) ϕ = 90o, (k)
ϕ = 180o, (l) ϕ = 270o.

(a) (b)

Figure 8. (a) Fabricated 40 × 40 prototype array of the proposed polarizer. (b) Free-space measurement setup.

resonant frequencies, 11.4 GHz, 16.3 GHz, and 32.5 GHz (see
Fig. 2(a)), as depicted in Fig. 6. When an EM incident on polarizer
metasurface, the incident electric and magnetic fields couples the

metallic portion induces surface currents and generates multiple
plasmonic resonances. From Fig. 6(a) and 6(d), it seems clear that
the surface currents of the top FSS and bottom ground plane are
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(a) (b)

(c) (d)

Figure 9. Comparison of the simulated vs measured reflectances (a) magnitude, (b) relative phases, (c) PCR, and (d) AR (dB).

Table 2. State-of-the-art performance comparison of the proposed design with other recently reported reflective-type polarizers

Ref Substrate used Periodicity (in λ2L)

Volume
(in

λ3L/1000)
Polarization
conversion

Freq range
(GHz) FBW (%)

Angular
stability

Orthogonality
in circular
polarization

No of
Layers
used

[17] Teflon 0.219 × 0.219 3.932 Linear–Cross 8.2−23 94.8 – – Single

[18] Duroid 4730 0.176 × 0.176 1.362 Linear–Cross 4.4−5.30 18.56 – – Single

9.45−13.60 36.01

[19] FR-4 0.175 × 0.175 1.225 Linear–Cross 8−11 31.58 – – Single

Linear–Circular 7.5−7.7 2.63

11.5−11.9 3.42

[19] F4BM220 0.345 × 0.345 23.269 Linear–Circular 6.9−14.1 66.6 – – Dual
layered

[22] PET 0.188 × 0.188 2.820 Linear–Cross 11.3−20 56.5 Up to 40o – Single

[11] F4B-2 0.182 × 0.182 2.780 Linear–Cross 12.4−27.96 98.9 Up to 40o – Single

[10] Taconic RF-35 0.152 × 0.312 2.820 Linear–Circular 11.7−12.5 6.61 Up to 30° Yes Single

17.3−18.1 4.51

This
work

FR-4 0.063 × 0.076 0.125 Linear–Circular 7.88−8.01 1.64 Up to 45o Yes Single

9.01−11.65 25.56

15.36−26.57 53.47

31.88−35.38 10.41

Linear-Cross 8.28−8.60 3.79

12.56−14.19 12.19

28.26−30.59 7.92

out of phase (anti-parallel), resulting inmagnetic or dielectric reso-
nance. For the incident frequency of 16.3 GHz, the surface currents

of the top FSS and ground are in parallel, resembling electrical res-
onance. In addition to that, there is hybrid resonance mixed with
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both electric and magnetic ones, where the direction of the sur-
face current is random. Hence, from the above analysis, it can be
clear that multiple plasmonic resonances are solely responsible for
multi-polarization conversion over the wideband operating range.

In addition to linear–cross, the proposed design also converts
linear-circular conversion in more than one frequency band, as
shown in Fig. 3(b). The handedness of the CP decides whether the
reflected wave is right-handed or left-handed. To demonstrate the
CP handedness, the near field of the reflected wave is depicted at
frequencies, i.e. 13.78 GHz, 19.52 GHz, and 36.12 GHz, where the
AR is a minimum. At 13.78 GHz, the electric field rotation resem-
bles clockwise sense, also called left-handCP,which is also depicted
from the relative of +90o, as in Fig. 2(b). The same analysis holds
for the frequency 16.3 GHz, while the electric field rotation is an
anti-clockwise sense of rotation or right-handed CP. The proposed
design is fabricated, and a performance comparison is detailed in
the next section.

Polarization converter fabrication and free-space
measurement

The 40 × 40 array (115.2 × 96 mm2) prototype is manufactured
using standard printed circuit board (PCB) technology for veri-
fication of the simulated findings (see Fig. 8(a)). The free-space
measurement technique is adopted in this work to verify simula-
tion findings, as shown in Fig. 4(b). The Keysight Power Network
Analyser (PNA) N5224B span the frequency range of 10 MHz to
43.5 GHz are connected to a pair of high-gain horn antennas (one
for transmission and one for reception) by high-quality RF connec-
tion probes. The sample is positioned at 5o with respect to the horn
antennas and is placed in the far-field zone (see Fig. 8(b)). These
antennas were placed at an angle of 5o to each other to maximize
the power incident on the transmitter and reflected on the receiver
under normal incidence. A perfect electric conductor (PEC) of
prototype size is used to calibrate the PNA. For the cross-pol mea-
surement, the receiver antenna is skewed by 90o relative to the
transmitter. Antennas are aligned in the same polarization plane
for the co-pol measurement, with the resulting response of both
the reflectances shown in Fig. 9(a). Then, the measured PCR and
AR are depicted in Fig. 9(c) and 9(d), respectively. The measured
outcomes are in close proximity to the simulated ones. To the best
of the author’s knowledge, the proposed design is extremely thin
and illustrates the multi-polarization conversion between linear to
circular and linear to cross conversion. Its design’s qualities make
it work in sub-miniaturized, real-time applications. The proposed
polarizer’s superior performance will become evident compared to
other recently announced state-of-the-art designs (see Table 2).

Conclusion

In order to accommodate a variety of C-Ka uses, this study
presents a polarization converter that combines linear–circular
and linear–cross in reflection mode. The design features a printed
resonant patch attached to a grounded FR-4 substrate. When it
comes to oblique TE and TM situations, performance is consistent.
Wideband features for various polarization conversions can be
attributed to many plasmonic resonances. The innovative features
of this structure include orthogonal circular rotation in consecu-
tive bands, highly miniaturized unitcell architecture with multiple
polarization conversions over a variety of frequency ranges, and
improved angular stability. These perks, to the best of the authors’
understanding, qualify the layout for use in real-time applications.
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