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ABSTRACT In this paper, we present a simple metasurface based multiband reflective polarization converter
for both linear and circular polarizations. We show that, on one hand, the proposed structure can convert the
polarization of linearly polarized waves to the orthogonal direction at four frequency bands — 4.3 GHz,
7.2 GHz, 12.3 GHz, and 15.15 GHz. On the other hand, this metasurface can achieve linear to
circular or circular to linear polarization conversion at 4 GHz, 4.75-5.95 GHz, 8.35-8.8 GHz and
14.35-14.6 GHz frequency bands. Such multiband operation originates from multiple resonances occurring
in the structure based on meandered square ring and diagonal split strip resonator. Moreover, the polarization
transforming capability is stable for oblique incident angle up to 15°, for both transverse electric (TE) and
transverse-magnetic (TM) polarizations. Furthermore, the proposed structure acts as a meta-reflector that
maintains the handedness of the circular polarization upon reflection. Finally, a prototype of the proposed
meta-structure is fabricated and measured for both normal and oblique incidence of electromagnetic waves.
All the results present excellent resonant stability with respect to the different polarization and incident
angles. In addition, we have also performed the tolerance analysis of different material parameters to
understand the robustness of the structure. Due to the ability of the structure to perform three functionalities
through a single layout, the proposed design can pave its way in different microwave applications such as
satellite, radar, and 5G communications.

INDEX TERMS Polarization converter, multi-functional, multi-band, linear polarization, circular

polarization.

I. INTRODUCTION

Metasurfaces, also known as two-dimensional metamaterials,
are sub-wavelength artificial structures that are used to mod-
ulate the propagation of electromagnetic (EM) waves. Due
to its unconventional ability to achieve unique EM proper-
ties, metasurfaces have received huge recognition in the past
decades. Such manipulation of EM waves has led to diverse
applications such as absorber [1], [2], cloaking [3], [4],
lensing [5], [6], and polarization converter [7], [8], which
are greatly influencing our day-to-day lives. Particularly, the
metasurface based polarization converter are used in several
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application such as controlling the polarization of radiat-
ing wave [9], [10], and radar cross section (RCS) reduc-
tion [11], [12], etc. In [9], a metasurface is used over the
linear polarized slot antenna to convert the polarization of
radiated wave. Similarly, a mirror polarization conversion
metasurface is used in [10] for manipulating the polarization
of the radiated wave. Beside these, different arrangement of
the polarization converting metasurface can also be used to
reduce the RCS of any object [11], [12].

Polarization converters are devices that can change the
polarization state of an EM wave. Before the advent of
metasurfaces, researchers proposed devices made of natural
materials using optical activity crystals or Faraday effects.
However, such approaches are bulky in nature and required
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a long propagation distance to obtain the phase accumula-
tion, thus limiting their practical applications [13]. These
limitations were easily overcome by the introduction of
metasurface-based polarization converters.

With this notion, several researchers have developed meta-
surfaces that can alternate the polarization of the incoming
wave either in transmission or in reflection mode. However,
in order to achieve higher transmission efficiency in the
transmission mode, the metasurface needs to be made thin to
reduce losses. Thus, reflection mode of operation is usually
preferred, as higher efficiency can be accomplished due to
the total reflection of the incident waves. Again, the reflective
polarization converters are fabricated over the metal-backed
dielectric layers. The metal backing not only restricts the
transmission of the electromagnetic waves but also has a
significant influence on the resonance frequency.

Through the use of the metasurface-based polarization
converters, various manipulation of EM waves such as linear
orthogonal polarization conversion (LP-LP) [14], [15], lin-
ear polarization to circular polarization (LP-CP) [16], [17],
and circular to circular polarization (CP-CP) [18], [19], has
been achieved. However, the above mentioned polarization
converters are based on singular functionality and due to the
advancement in technologies, there is a great demand for
structures serving more than one function. With this motiva-
tion, few researches on multiple conversion, such as LP to
LP, LP to CP, of EM waves with the help of a single meta-
surface have been reported. In [20], a reflective polarization
converter, which works for LP-LP and CP-CP conversions,
is proposed. In another work [21], a dual band reflective
polarization converter has been reported, where LP-LP is
achieved in one band and LP-CP is achieved in another band.
Nevertheless, none of the structures [20], [21] accomplishes
conversion of LP wave to both left-handed (LHCP) and
right-handed circular polarizations (RHCP). In our article,
we theoretically and experimentally determine a compact,
ultrathin reflective polarization converter that can achieve dif-
ferent polarization conversions at multiple frequency bands.
We present that different operations like LP-LP, LP-LHCP
and LP-RHCP can be integrated simultaneously into a single
layer metasurface. Linear polarization has been obtained at
four resonances, whereas, circular polarizations (LHCP and
RHCP) are achieved at another four frequencies. Thus, the
proposed reflective polarization converter can be considered
as a eight-band multi-functional polarization converter. Fur-
ther, the design is also tested for angular stability. Finally, the
structure is fabricated and verified in experiments to confirm
its practicability.

The rest of this article is organized as follows. Section II
describes the design methodology of the metasurface to con-
trol the polarization of the electromagnetic waves. Initially,
we have discussed the basic physics behind the polarization
conversion techniques with the help of a 4-port network and
eigenvector analysis. In the subsequent part of this section,
the reflection property of the metasurface has been stud-
ied. Here, we have explained the step-by-step procedure for
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designing the reported metasurface. The cause of polarization
conversion phenomena is investigated with the help of sur-
face current distributions. Section III presents measurement
responses of the proposed polarization converter in compar-
ison with the simulated responses. Finally, the conclusion
of this article followed by the state-of-the-art performance
comparisons have been made in Section I'V.

Il. DESIGN METHODOLOGY

The schematic view of the proposed metasurface as reflective
polarization converter is shown in Figure 1(a). The metasur-
face consists of two dimensional array of metallic pattern
fabricated over a metal backed dielectric substrate. Each ele-
ment of the metallic array comprises a diagonal strip and a
meandering square ring as shown in Figure 1(b). The square
ring has a slit positioned at the corner aligned with the gap
in the diagonal strip. The structure is printed on the top sur-
face of a metal-backed dielectric FR4 substrate (permittivity,
€, = 4.4; loss tangent, § = 0.02) with 3.2 mm thickness. The
optimized geometrical dimensions of the proposed structure
are summarized in Table 1.

TABLE 1. Optimized geometrical dimension values (in mm).

p ai az a3 aq w1 w2 g

11 3 25 8 1 05 04 05

A. THEORETICAL ANALYSIS

To understand the polarization conversion mechanism,
we need to focus on the physical insight of the polariza-
tion conversion. Initially, consider a square shaped unit cell
with a rectangular metallic strip. It should be noted that,
for simplicity, we consider negligible metallization thick-
ness. The structure is fabricated over a dielectric substrate
and is symmetric over X- and Y-axis. The conceptual dia-
gram is shown in Figure 2(a). It is observed that the unit
cell exhibits two symmetries in both horizontal (H) and
vertical (V) planes. If the electric field of normal incidence
electromagnetic wave is polarized along the vertical axis or
Y-axis, the reflecting/transmitting wave does not generate
any horizontal component or X-axis component. A simi-
lar phenomenon is observed for the electromagnetic wave
incidence along X-axis. Thus, both polarizations are decou-
pled and can be described independently. In this regard, the
equivalent circuit of the unit cell of Figure 2(a) needs to
be expressed separately for horizontal and vertical polariza-
tion as shown in Figure 2(b). From the above discussion,
we can state that the unit cell of Figure 2(a) is unsuit-
able for converting the polarization of the electromagnetic
wave.

In the next step, we analyzed a unit cell which is asym-
metric along the X- and Y-axis as shown in Figure 2(c).
In this case, the cell will generate both horizontal and ver-
tical component of the electric field. The unit cell shown
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FIGURE 1. (a) An artistic rendering of the proposed reflective polarization
converter structure (b) Schematic view of the unit cell of proposed
reflective polarization converter (c) Decomposition of an incident
y-polarized wave in its two components and its conversion

to x-polarized wave.

in Figure 2(c) can be modelled as a four port network as
shown in Figure 2(d). Each port of the network is associated
with a specific polarization, such as horizontal and vertical
polarization. In a reflective type polarization converter, there
will be negligible transmission of electromagnetic wave from
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FIGURE 2. Schematic model of the unit cell (a) Symmetry along X- and
Y-axis (b) two-port network model of symmetric unit cell (c) Asymmetric
unit cell along X- and Y-axis (d) four-port network model of the
asymmetric unit cell (e) Network model of the unit cell with metal
backed, i.e, no transmission.

input port to the output port. Thus, all the transmission coef-
ficient of the network, such as S, i = 1,4 andj = 2,3,
are equal to zero. The S matrix of the metal backed reflective
polarization converter can be expressed as

Su 0 0 Sig

0 1 0 0
5=10 0o 1 o M
Sia 0 0 Sp

In the Figure 2(e), we simplified the four port model for
reflective polarization converter. The simplified matrix can
be expressed as

St Sia
|:Sl4 511i| 2

In this equation, Sy; indicates the co-polarized reflection
coefficient (R,,) whereas S14 denotes the cross-polarized
reflection coefficient (Ry,). By controlling the magnitude of
this coefficient, we can attain the desired polarization conver-
sion from a metasurface.
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In accordance with the above explanation, the process of
achieving a metasurface based polarization conversion can
also be considered as a linear time invariant system (LTI).
Here, the input vector is the incident electromagnetic wave,
which is transformed to the output vector, i.e., polarization
converted reflected wave. Thus, the incident electric field
[Eix Eiy]T and the reflected electric field [E, E,y]T can be

related as
Erx — R)cx ny Eix (3)
Ey Ryx Ry | | Ey
Here, R;; is the reflection coefficient in which the inci-
dent linear polarization is denoted by ’j’ while the reflected
polarization is denoted by ’i’. Thus, for a ideal polar-
ization converter, the co-polarization reflection coefficient
Ry, = Ry, = 0 and cross-polarization reflection coefficient

Ryy = Ry, = 1. Thus the reflection matrix for a polarization
converter can be expressed as
0 1
R= [1 0:| 4)

In the following step, we need to find out the eigenvalues
and eigenvectors for the polarization converting metasurface.
The obtained eigenvectors are « = [1 117 and g = [—1 1]7
with eigenvalues ¢ = 1 and ¢ = —1 respectively. Physi-
cally, this implies that when the electric field is oriented along
the direction of & and 8 eigenvector, which is tilted by +45°
to the y-axis, the reflected wave does not face any polarization
rotation. As there is no polarization rotation along the o and
B axes, we can state that

Ryo = Rgg ~ 1
Raﬁ = Rﬁa ~0 (@)

Therefore, a normally incident y-polarized wave with
electric field E, = JE;e’** can be written by the sum of
two mutually orthogonal components in the direction of &
and ,é as

Ei = (QEiy + BEip)e™ (6)

In this equation, E;, = E;jg = 0.707E;. As o and 8 compo-
nents of the electric field are the eigenvectors, thus they are
reflected with the same magnitude, E,, = E,g = 0.707E,,
with 0° and 180° phase respectively. Thus, the reflected field
is expressed as

E; = (@E,q — PE,p)e™ = XE, )

From Eq. (7), it can be stated that the y-polarized incident
EM wave is reflected along the x-axis. Thus the polarization
of the wave is rotated by 90°. This phenomenon is illustrated
in Figure 1(c) where the reflected electric field E,, obtained
from the vector sum of E,, and E,g, is along the x-axis.
As discussed earlier, for the cross-polarization conversion,
the phase difference between & and ,(3 should be an odd
multiple of 180°, i.e. Agg = ang(Ruq) — ang(Rgp) = nm
(n = odd integer).
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From Eq. (6) and Eq. (7), it can be said that the electric
field of reflected wave can be expressed as

Er = (GRyoEige' ™ — BRpgEipe'?)e ®)

As the polarization reflected field is perpendicular to the
incident wave, E; - E, = 0. So, at z = 0,

Eige'Pee(1 4 ¢2%) =0 ©

It can only be possible if A¢ = nm forn = £1, £3,---.

B. RESULTS AND DISCUSSION

To comprehend the polarization conversion performance of
the proposed structure, the numerical simulation of our design
is executed using Ansys HFSS. In the simulations, we have
utilized Floquet ports to excite the structure accompanied
by master-slave boundary conditions for realizing an infinite
array condition. Given the fact that the designed reflective
polarization converter is anisotropic in nature, any incident
LP wave on such a structure gets reflected with both co- and
cross-polarized components. This can be seen from
Figure 3 (a) that the co-polarized reflection R, is less
than —10 dB whereas the cross-polarized reflection Ry, is
greater than —1 dB at three frequencies, i.e. 4.3, 7.2, and
12.3 GHz along with around —2.5 dB at 15.15 GHz. Addi-
tionally, the relative phase difference between Ry, and Ry,
at these four resonating frequencies is also monitored. The
relative phase difference is defined as,

A = arg(Ryx) — arg(Ry) (10)

The essence of polarization is identified from Eq. (10) in
the sense that if, A¢p = 0, &, then it is characterized as
linear polarized [8]. From Figure3(b), it can be observed that
at 4.3, 7.2, 12.3 and 15.15 GHz, the phase differences are
around 180°, —180°, 0° and 180° respectively. For analyzing
the reflective phase response more clearly, we have also
plotted the unwrapped relative phase (A¢) and depicted it in
Figure 3(c). It is observed that, in the orthogonal polariza-
tion conversion band, the relative unwrapped phase is equal
to £nm, whereas n is equal to any integer. To analyze the
performance of the polarization converter structure, Ry, and
Rqg s also computed and plotted in Figure 4(a). It is observed
that, as expected from the theoretical analysis and Eq (5),
Rye = 1 and Ryg = O at the desired frequency region.
Furthermore, we have also monitored the phase response with
respect to & and B co-ordinates and observed that the phase
response at our desired frequency band is always equal to n
as mentioned in Figure 4(b).

In addition, the polarization conversion ratio (PCR) of the
proposed structure is also calculated and shown in Figure 5.
The PCR for linear polarization is defined as,

2

al (11)

PCR= 2
R+ RS,

From Figure 5, it can be seen that the PCR at the
four resonating frequencies are 98.08%, 99.90%, 98.55%
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FIGURE 3. Reflection performance of the proposed octa-band reflective
polarization converter design (a) Magnitude of the reflection coefficient
(b) Phase of the reflection coefficient (c) Unwrapped relative phase of the
reflected electromagnetic wave.

and 95.16%. Thus, it can be inferred that any incident
EM wave on the proposed structure gets converted to its
orthogonal counterpart at these four resonating frequencies.
To get a clear understanding regarding the design procedure
of the proposed reflective polarization conversion structure,
here we dissociate the final proposed geometry into several
separate components. Initially, we should mention that, for
converting the polarization of incident electromagnetic wave,
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FIGURE 4. Reflection performance of the proposed octa-band reflective
polarization converter design along «- and B-axis (a) Magnitude of the
reflection coefficient along «- and g-axis (b) Phase of the reflection
coefficient along «- and g-axis.

the structure of the unit cell should be asymmetric along the
horizontal and vertical axis and symmetric along the diagonal
axis or the U- and V-axis as shown in Figure 2(b). By consid-
ering the above mentioned fact, we start our design with a
diagonal strip dipole structure as shown in Figure 5(a) along
with the PCR of the structure. It is observed that the diagonal
strip dipole provides PCR of 70% at 15.6 GHz frequency.
It should be mentioned that, for converting the polarization
of the incident wave, the PCR should be around 100%. So,
to enhance the PCR of the structure, we add an inverted
arrowhead with the cross dipole structure. This structure is
termed as Reso.. in the following text. The PCR of the
Reso.I is shown in Figure 5(a). It is observed from the fig-
ure that the Reso.I structure provides PCR more than 95%
at 15.15 GHz frequency. To understand the aforementioned
phenomenon, we also monitor the electric field distribution
along the surface of the unit cell structure, such as diagonal
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FIGURE 5. Step-by-step analysis of the metasurface (a) Analysis of PCR
for Reso. I structure (b) E-Field distribution of the diagonal strip structure
and Reso. I (C) Analysis of PCR for Reso. Il structure (d) Surface current
distribution of the square ring structure and Reso Il. and (e) PCR analysis
of the final metasurface.

strip structure and Reso. I structure, as shown in Figure 5(b).
It is observed that, by adding an inverted arrow over the
diagonal strip, a strong electric field accumulated along the
diagonal of the unit cell. Due to the diagonal distribution
of the E-Field, the PCR of the structure gets enhanced to
more than 95%. To achieve multi-band resonance structure,
several resonator structure should be cascaded to each other.
For this purpose, we design a diagonal slot square ring
structure. The diagonal slot square ring structure is shown
in Figure 5(c). It is observed that, the PCR is more than 95% at
frequency 5.8 GHz. Since, our main goal is to design a reflec-
tive polarization converter for C, X and Ku bands, so, in order
to achieve the polarization conversion at the lower part of
the C band, one need to increase the reactance part of the
resonator. Particularly, here we enhance the inductance of the
structure by increasing the electrical length of the resonator
structure. In this regard, we meander the square ring structure
and the modified resonator is termed as Reso.Il. It is also
observed in Figure 5(c) that Reso.Il provides PCR is more
than 95% in lower part of the C band which is more important
for satellite communication. It is worth mentioning that, the
PCR of the Reso. II at the resonating frequency region is
comparable with the PCR of the square ring structure. For
understanding this electromagnetic behaviour, we plotted the
surface current distribution along the metallic layer of the
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FIGURE 6. Simulated polarization conversion ratio for different values of
(a) a; and (b) a, (c) w; and (d) dielectric height.

square ring and Reso. II structure, as shown in Figure 5(d).
It is observed that, due to the meandering of the structure,
the orthogonal anti-parallel current components are created
(encircled by black in the figure) each of the adjacent arms.
Because of the anti parallel distribution, the orthogonal cur-
rent components are cancelled out by each other. As a result
of this, the PCR of the meander square ring structure is not
deteriorated at the resonating frequency region.

To achieve the desired multiband polarization converter,
the two resonator structures, i.e, Reso.I and Reso.Il, are cas-
caded. From the Figure 5(a) and 5(c), we can state that Reso.I
is responsible for achieving polarization conversion band at
the higher frequency region whereas control over the lower
frequency region is achieved with Reso.ll. It is observed
that, due to the cascading of Reso.l and Reso.Il structure,
four orthogonal polarization conversion band is achieved. The
mid frequency band around 12.3 GHz is achieved due to the
coupling between Reso.I and Reso.Il.

For the purposes of obtaining the desired functionality of
the proposed structure, we analyzed the polarization conver-
sion ratio by optimizing the values of different parameters
such as, ay, as, and the strip width w; and exhibited the results
in Figure 6. From this parametric study, it is observed that the
parameters a; and a, have a huge impact on the polarization
conversion ratio at the 12-14 GHz frequency region. It is also
seen from Figure 6(a) that, with increase in aj, the PCR in
the higher frequencies improves significantly. However, a; is
not increased above 3 mm as it would lead to short-circuit
between Reso.I and Reso.Il. Besides this, the strip width wy
also provides a significant impact on the PCR. Moreover,
we also analyze the effect of substrate height over the PCR of
the metasurface and plotted in Figure 6(d). It is observed that,
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as the height increases, the metasurface provides better PCR.
However, at 4.8 mm height, the proposed structure provides
orthogonal polarization conversion at only two frequency
bands and also does not cover the entire operating frequency
region. Additionally, the substrate height of 4.8 mm also
makes the structure bulky and may not be suitable for sev-
eral compact applications. For this aforementioned reasons,
we designed the metasurface over a substrate of 3.2 mm,
which provides multiband features in the desired frequency
regions.

Alongside the orthogonal polarization conversion of the
linear polarized wave, we also need to investigate the
response of the proposed reflective polarization converter
under the incidence of circularly polarized EM wave. In the
previous discussion of this section, we already obtained the
magnitude and phase of the reflection coefficient of the meta-
surface on a rectangular basis. We can easily transform these
responses into circular basis using [22]

Rep = Rrr  RrL
R RiL

1 Ry —Ryy—i(Ryy+Ryx) Ry +Ryy+i(Rey—Ryy)
2 [Ric+Ry—i(Ry+Ryx) R —Ryy+i(Rey+Ryyx)
(12)

In this equation, the subscript ‘R’ indicate right-hand cir-
cular polarized (RHCP) wave whereas subscript L’ indicates
left hand circularly polarized (LHCP) wave. It should be
mentioned that, when a RHCP polarized wave incidents over
a metallic reflector or mirror, it gets reflected as LHCP wave
and vice versa. From the Eq. (12), it is observed that when
R, = yy = 0 and ny = Ryx = 1, then Rgg = Ry = 1.
Thus, from the above equation, we can state that when a CP
wave incidents over the metasurface, the reflected wave have
the same essence of polarization at the aforementioned fre-
quency band (4.3,7.2, 12.3, and 15.15 GHz). The polarization
maintaining capability is captured by defining polarization
maintaining ratio (PMR) for circular polarization as

_ |Rrr|*
IRLRI? + |RRg|
From the above analysis, it can be stated that PMR for the

circular polarization is the same as PCR in the orthogonal

polarization conversion band. Thus, in these frequency bands

RRR = RLL = ny = Ryx = 1 and RLR = RRL =

R,y = R,y = 0. Thus the proposed structure can be treated

as a meta-reflector that preserves handedness of the circular

polarization upon reflection at 4.3, 7.2, 12.3, and 15.15 GHz
frequency regions.

On the other hand, to analyse the linear-to-circular polar-
ization conversion properties of the metasurface, it is neces-
sary to be mindful of two important facts that, for circular
polarization,

(1) the amplitudes of the two mutually orthogonal
EM waves must be identical,

(2) their relative phase difference should be odd multiples
of 90°, i.e. A¢ = nm/2, where n is an odd integer.

PMR (13)
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FIGURE 7. (a) Axial ratio and (b) Ellipticity of the proposed reflective
polarization converter structure.

As can be perceived from Figure 3(a), the difference in
magnitudes of both co- and cross-polarized reflected wave
are almost negligible at the frequency regions: 4, 4.75-5.95,
8.35-8.8 and 14.35-14.6 GHz, indicating that the two mutu-
ally orthogonal reflected waves have nearly equal amplitudes
at those frequency bands. Further, the phase difference plot
provided in Figure 3(b), shows that A¢ at these four fre-
quency regions is 90°, —90°, 90° and 270°, respectively.
From the unwrapped phase plot in Figure 3(c), it is observed
that the A® at the mentioned frequency is n.7, where n =
odd integer.

In order to have a clear estimation on the achievement on
polarization conversion and the handedness of the reflected
circular polarization, we calculate the axial ratio (AR) and the
ellipticity. The axial ratio is determined by the formula [23]
defined as follows:

1
_ LfIRaP+IRu P+ Va)?
2 | IRal? + IRy + Va

(14)

where,
_ 4 4 2p 12
a = |Ryx|" + [Ryx|" + 2|Rxx | |Ryx|“cos(2A) (15)

The AR signifies circular polarization if it is less than or
equal to 3 dB, i.e. AR < 3 dB. The calculated AR obtained
from Eq. (14) is plotted in Figure 7(a). It can be seen from
the figure that the convention for the establishment of circular
polarization is clearly met at the frequency regions: 4 GHz,
4.75-5.95 GHz, 8.35-8.8 GHz, and 14.35-14.6 GHz. Thus,
it can be concluded that the proposed reflective polarization
converter structure is capable of performing linear-to-circular
polarization conversion at these four frequency bands.

On a related note, the definition of normalized
ellipticity (e) for the determination of the handedness of the
circular polarization [22] is given by,

_ 2|Ryx||Ryx|sin(A¢)
IRex|? + |Ryx|?

For the sake of simplicity, it can be stated from
Equation (16) that for left-handed circular polarization
(LHCP), the normalized ellipticity is —1, whereas the latter
is +1 for right-handed circular polarization (RHCP). It should
be mentioned that, the above analysis is performed for the
normal incidence of EM wave. From Figure 7(b), it can be

(16)
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FIGURE 8. The polarization conversion characteristics of proposed
metasurface (a) for different incident angle under TE polarization, (b) for
different incident angle under TM polarization. (c) Variation of the
reflection coefficients under varied temperature conditions (d) Analytical
derivatives of the co- and cross-polarization reflection properties with
respect to the different material parameters.

observed that the ellipticity is —1 in the frequency bands:
4.75-5.95 GHz and 14.35-14.6 GHz, implying that the inci-
dent linear polarized EM wave gets converted to LHCP. Like-
wise, the ellipticity approximates to +1 around the frequency
region: 4 GHz and 8.35-8.8 GHz, denoting RHCP is reflected
from the surface. Thus, our proposed design succeeds in
achieving both linear-to-LHCP and linear-to-RHCP conver-
sion in separate frequency regimes.

To understand the robustness and practicability of the pro-
posed PCR structure, the oblique incidence performance of
the proposed structure is also performed for both TE and TM
polarization and shown in Figure 8(a) and 8(b) respectively.
It is observed that the metasurface exhibit a stable perfor-
mance up to 152 of oblique incidence. Moreover, the identical
response of TE and TM polarized incident wave indicate high
degree of stability of our proposed miniaturized structure. To
understand the robustness of the metasurface, we simulate the
structure with different ambient temperatures and plotted the
reflection coefficient in Figure 8(c). It should be mentioned
that the permittivity and conductivity of the material vary
with the ambient temperature [24]. From Figure 8(c), it is
observed that the reflection property of the metasurface does
not alter with the variation of temperature. For understanding
the sensitivity and tolerance of our proposed design, we per-
formed the analytic derivatives for different material param-
eters such as permittivity (¢), periodicity (a), copper layer
thickness (7) and thickness of the dielectric layer (h). The
analytic derivatives of the co- and cross-polarized reflection
coefficient with respect to the aforementioned parameters are
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FIGURE 9. Surface current distribution on the top and bottom surface at
the LP-LP conversion bands.

shown in Figure 8(d). It is observed that, the permittivity
of the dielectric substrate has a significant impact on both
co- and cross-polarized reflection coefficients compared to
other parameters. Moreover, the sensitivity of these material
parameters is more acute in the high-frequency region. This
analysis provides a set of guidelines that are required for
fabrication.

For getting a clear understanding of the polarization
conversion mechanism, here we need to monitor the sur-
face current distribution at each frequency of operation.
In Figure 9, we depicted the surface current distribution
along the top and bottom surface of the proposed reflective
polarization converter at the linear to linear polarization con-
version frequency bands. It is seen from the figure that at
4.3 GHz and 7.2 GHz frequency regions, the surface current
gets accumulated along the Reso.Il structure. On the con-
trary, Reso.I dominates at 15.15 GHz frequency. However,
at 12.3 GHz frequency region, a significant amount of surface
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current can be observed to be distributed along both the Reso.I
and Reso.II structures. This verifies that the 3rd resonating
band is because of the mutual coupling between Reso.I and
Reso.II. Such a phenomenon is also witnessed in Figure 5(c).

On another note, it can be spotted at 4.3 GHz frequency
that, the surface currents are propagating from the top-right to
the top-left, and from the top-left to the bottom-left directions
in the upper half of the top layer. A similar pattern is also
followed by the surface currents in the lower half of the top
surface, flowing from the top-right to the bottom-left but via
the bottom-right corner. These are indicated in the figure by
the red and blue broken arrow lines at the 4.3 GHz in the
upper and lower half respectively. Thus, the resultant surface
current in the top surface can be assumed to be propagating
diagonally from the top-right corner to the bottom-left corner
as represented by the solid black arrow line. Similar type of
analysis can also be performed for all the other frequency
regions in the top and bottom half of the resultant solid
arrow line at the top surface. (To enhance the visibility of
the image, we have not included the broken arrows in the
following images). In the bottom layer, at 4.3 GHz frequency,
the surface currents are also directed from the top-right to the
bottom-left direction. Equivalent scenario is also observed at
15.15 GHz frequency, where the surface currents are directed
from the top-left to the bottom-right directions in both the
top and bottom surfaces. Thus, following the traits of the
surface current distributions on the top and bottom plane at
these two frequencies, it can be believed that the net currents
on the two layers are parallel to each other. This parallel
current distribution in the top and bottom layer indicates
electric responses behaviour of the structure at the mentioned
frequencies [21]. On the contrary, at 7.2 GHz and 12.3 GHz
frequencies, we can find that the net currents on the top and
bottom layers are directed parallel but opposite to each other,
which implies that these currents form a current loop. This
current loop induces magnetic field, which gets accumulated
within the dielectric layer, leading to the magnetic resonance
behaviour of the structure [21].

Figure 10 gives the surface current distributions at the cen-
tre frequencies for the linear-to-circular polarization bands,
i.e., 4 GHz, 5.3 GHz, 8.5 GHz and 14.5 GHz. The primary
feature that can be observed at each of these frequency bands
is that, the surface currents in the ground plane align them-
selves in an orthogonal formation. This is quite different from
the case of linear-to-linear polarization, where all the currents
in the bottom layer are aligned in a particular diagonal direc-
tion. This orthogonal behaviour, which is represented by the
solid horizontal and vertical arrow lines in the bottom layer
at 4 GHz, 5.3 GHz, 8.5 GHz, and 14.5 GHz in Figure 10,
indicates the CP nature of the reflective wave.

Ill. FABRICATION AND MEASURED RESULTS

For the validation of our proposed design concept, a 10 x 10
array of the unit cell has been fabricated. The photograph of
the fabricated prototype is shown in Figure 11(a). The overall
size of the metasurface slab is 110 x 110 mm?. To validate
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FIGURE 10. Surface current distribution on the top and bottom surface at
the LP-CP conversion bands.

the polarization conversion capability of the proposed meta-
surface, the co- and cross-polarization reflection coefficients
are needed to be measured. In this work, we have used two
ridged broadband horn antennas, both connected to the vector
network analyzer (VNA). The schematic diagram of the mea-
surement setup is exhibited in Figure 11(b). One horn acts as
a transmitting antenna while the other works as a receiving
antenna. To measure the co-polarized reflection coefficient,
both the transmitting and the receiving horn antennas are
in the same orientation. Whereas, for the cross-polarization
reflection coefficient measurement, the receiving antenna is
placed in vertical state while the transmitting horn antenna
is horizontally positioned. The measured Ry, and Ry, along
with the simulated results is shown in Figure 11(c). A close
agreement is observed between the simulated and measured
results. The slight variations in measured results may be
associated with fabrication imperfections, finite size of the
reflection polarization converter, and possible errors in the
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FIGURE 11. Proposed metasurface based reflective polarization converter
(a) Fabricated prototype (b) Schematic set-up for the measurement

(c) Simulated and measured co- and cross-polarized reflection
coefficients for normal incidence (d) Simulated and measured co- and
cross-polarized reflection coefficient for oblique incidence.

TABLE 2. Comparison of the proposed reflective polarization converter
structure with some earlier reported structures.

Ref. Lat. Thick. No. of Bands Freq. (GHz)
Dim.(\o) | (X\o) [ LP-LP | LP-CP LP-LP LP-CP
(PCR > 90%) | (AR < 3dB)
[21] 0.241 0.08 1 1 7.7-145 14.95-17.35
[25] 0.252 0.126 2 0 5.66-9.46
16.9-18.9
[26] 0.446 0.068 2 2 13.29 14.08-15.71
20.29 17.63-19.55
Our Work 0.147 0.042 4 4 4.19-4.40 3.95-4.14
6.8-7.64, 4.75-5.95
11.54-13.07, 8.35-8.8
14.98-15.30 14.35-14.6

measurement set-up. To validate the performance of the meta-
surface in oblique incidence, we also measured the reflection
coefficient for oblique incidences. For this purpose, the meta-
surface is mounted on a turntable and rotated accordingly.
The measured reflection coefficients along with the simu-
lated ones for different oblique incident angles are shown
in Figure 11(d), where a stable performance can be observed
up to 15°.

For appreciating the standard of the proposed reflective
polarization converter, we have drawn a comparison with the
recently reported reflective polarization converters in Table 2.
It should be mentioned that to convert the LP to its orthogo-
nal polarization, PCR should be more than 90%. Whereas,
for proper LP to CP conversion, AR be considered less
than 3 dB. It can be observed from the table that our structure
offers better miniaturized design in terms of compactness
and thickness. Also, in terms of performance, our structure
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provides most number of bands having conversions in both
linear and circular regimes. In overall, the proposed prototype
serves as a better candidate among the others in demanding
applications.

IV. CONCLUSION

In summary, we have realized a planar metasurface
based multiband reflective polarization converter for both
linear-to-linear and linear-to-circular or circular to linear
polarization transformation. Due to the anisotropic charac-
teristic of the metasurface, the proposed structure can con-
vert a y/x-polarised incident electromagnetic wave to an
x/y-polarised reflected electromagnetic wave in four fre-
quency bands with PCR over 95%. Further, the metasurface
can also convert an LP incident wave into a circular configu-
ration in another four frequency bands with less than 3 dB
axial ratio. The proposed octa-band reflective polarization
converter is made up of meandered square split ring resonator
and diagonal strip structure, which gets multiple resonances,
enabling the metasurface to achieve polarization transfor-
mation in multiple bands. Parametric studies and analytic
derivatives with respect to the different parameters are given
in details to serve as a guide for the design. Moreover,
a step-by-step design procedure is explained for providing
an insight in the design procedure. A study of the induced
surface current distributions along with a rigorous theoret-
ical analysis is presented to explain the operating principle
of the polarization conversions. This reflective polarization
converter structure covers most of the C,X and K, bands.
All the simulation results are verified through experimental
measurements.
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