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Abstract

The authors design and experimentally analyse an anisotropic metasurface for the
simultaneous conversions of linear cross and circular polarisations in the C and partial X
bands. The proposed compact structure utilises a dual-cut square-ring resonator and a
square patch on an FR4 substrate above a ground plane. The full-wave simulations
exhibit over 92% efficiency in cross-conversion over a fractional bandwidth (BW) of
52.3%. The proposed metasurface efficiently converts linear to circular polarisation in
two different bands, achieving left-hand circularly polarised and right-hand circularly
polarised efficiencies exceeding 93% and 89%, respectively. The compact unit-cell with
dimension 0.224 x 0.224 attains stable polarisation transformation efficiency rates
exceeding 80% up to 40° incident angles. The design is adaptable for efficient wide BW
across both lower and higher (millimetre-wave) frequencies through scaling. A prototype
of the proposed polarisation converter (PC) was realised and validated effectively in
measurements, aligning well with simulations. This PC features a novel and simple
structure with multifunctional wideband operation, stable incident angle output, polar-
isation insensitivity, and scalability, making it an efficient front-end for various radio
frequency applications, including polarisation control and polarisation transformers.

KEYWORDS
electromagnetic wave polarisation, electromagnetic wave propagation, electromagnetic wave reflection,
microwave measurement, microwave metamaterials, planar antennas

practicality [8—10]. Some MS-PCs present vast wave manipu-
lation operations by altering material properties and tuning the

Polarisation is the oscillation of an electric field in a plane
perpendicular to the direction of radio frequency (RF) prop-
agation [1]. Polarisation alighment must be taken into account
to regulate or control electromagnetic (EM) waves for a range
of practical applications, for example, radars, antennas, and
satellite systems [2—4]. Conventional polarisation converters
(PCs) are built using Faraday's and birefringence effects [5].
These methods commonly experience large volumes, high
losses, and limited bandwidth (BW), undermining their prac-
tical applications [6, 7]. To overcome the limitations and
drawbacks, metasurface (MS)-based techniques have received
considerable attention owing to their ease of realisation and

unit-cell geometry [11, 12]. The unit-cells for polarisation
conversion, as the core building blocks, work in transmission
[13, 14] or reflection [15, 16] modes, and are of asymmetric
types [17-21]. Also,
polarisation converters (CPCs) in the single or multilayer

asymmetric or anisotropic cross-
forms have been reported to operate in both dual and single
bands [22-29].

For the linear-to-circular polarisation (LTCP) conversion,
various single and multilayer designs have been studied for
both reflection [10, 30, 31] and transmission modes [32-34].
However, the PCs reported can effectively perform only one
operation: CPC or LTCP. Attaining these operations from a
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single structure remains a desirable core objective. For practical
applications, a multifunctional converter should not increase
the structure and design complexity, size, and thickness.
Simultaneously, it must attain critical criteria, such as broad
BW, insensitivity to wide incident angles, and high efficiency in
polarisation conversions.

To meet these goals, efforts have been made to integrate
both CPC and LTCP properties into a single-design assembly
[35—40]. Pouyanfar et al. introduced a PC incorporating the CPC
and LTCP modes. But, this design exhibited limitations such as a
narrow BW, lower conversion efficiency, and a relatively large
size and thickness compared to the operational wavelength [35].
Various attempts have also been made to improve both BW and
efficiency. Designs such as the fish-like structure and a corner-
cut square patch showed slight improvements in BW, but they
still had large unit-cell sizes, and the efficiency of LTCP
remained unexplored [37, 38]. In contrast, a design utilising two
meander lines and a cut wire increased the BW for both CPC and
LTCP [41], but it suffered from a drop in CPC efficiency below
90%, and the size and thickness increased significantly. Addi-
tionally, it only produced one type of circularly polarised wave.
Conversely, a recent study achieved high efficiency in generating
both left-hand circularly polarised (LHCP) and RHCP waves
[42]. However, this accomplishment came at the cost of a sub-
stantial decrease in the CPC BW] a large size, and incident angle
insensitivity limited to 30°.

In another investigation, an increase in both CPC and LT'CP
BW was observed, but this improvement was accompanied by a
relatively large unit-cell size and thickness. Besides, incident
angle insensitivity was restricted to 30°, and the study did not
analyse the LTCP type and efficiency [43]. In another recent
study, a reduction in unit-cell size and thickness was achieved,
resulting in a significant reduction in BW, and the design only
produced LHCP waves [44]. Thus, achieving wide BW, high
conversion efficiency, the concurrent generation of LHCP and
RHCP waves, and ensuring broad angular stability for both the
CPC and LTCP polarisations in a single-layer unit-cell with
minimised size and thickness are the central properties that
remain as the foremost objectives for advancements in PCs.

The proposed metasurface showcases multifunctionality by
achieving a wide CPC BW (4.89-8.34 GHz) comparable to other
designs of its kind. Simultaneously, its LTCP generates both
LHCP (4.55-4.65 GHz) and RHCP (8.54-8.69 GHz) EM waves.
These remarkable features result from a novel, single-layer, non-
complex, low-profile, and anisotropic design. Also, it achieves a
high CPC efficiency of 92% and outstanding LTCP conversion
efficiencies, reaching 93% for LHCP and 89% for RHCP.
Moreover, the metasurface displays resilience in both polar-
isation conversions against x-/7y-polatised waves, and it main-
tains a stable incident angle performance, extending up to 40°
for CPC and 30° for LTCP. The scalability of the proposed unit-
cell enhances flexibility, enabling its application across various
bands, including mmWave, by adjusting its size up or down. The
proposed design comprises a metallic dual-cut SRR, a square
patch on top, and a metallic ground spaced by an FR4 substrate
layer. The polarisation conversions are demonstrated through a
detailed analysis. The performances of the proposed anisotropic

structure have been verified through extensive experiments to
produce linear cross-polarisation.

The remainder of this paper is organised as follows. Sec-
tion 2 focuses on analysing the parameters and designing the
unit-cell structure. Section 3 presents the full-wave simulations
of the incident angle, polarisation insensitivity, and other fig-
ures of merit. Section 4 covers the working principles of the
unit-cell and presents reflection parameters and surface cur-
rents. Section 5 analyses the geometric parameters and scal-
ability of the proposed unit-cell. Section 6 provides the
experimental results and a discussion of the findings. Section 7
concludes the paper by summarising its core outcomes.

2 | PERFORMANCE PARAMETERS AND
UNIT-CELL DESIGN

In this section, the core parameters of the PC are introduced,
which can be used to assess its effectiveness. In the later part of
this section, the design stages of the proposed unit-cell are
elaborated, involving the evaluation of certain key parametets.

2.1 | Performance parameters analysis

When a wave is reflected from an MS, it generates two field
components. The first wave has the same polarisation as the
incident wave, and it is called the co-polarised reflected field.
The other distinct component has a polarisation orthogonal to
the incident polarisation, and it is known as the cross-polarised
reflected field. These two field components can be controlled
by the design of the unit-cell form, allowing the manipulation
of the polarisation state of the reflected wave.

The ratio of the reflected field with polarisation x to the
incident field with polarisation y is given by Ry, which further
measures the proportion of the incident field reflected by a
specific polarisation state, which can provide vital information
about the performance of the MS as a PC. Also, one way to
evaluate the efficiency of a linear PC is to use a polarisation-
conversion ratio (PCR). In a case where the incident electric
field is polarised along the y-axis, PCR can be derived using
Equation (1) [37]. Similatly, for an incident that is polatrised
along the x-axis, the PCR calculation can be adapted by
interchanging the x and 7y subscripts in Equation (1).

2

per=— =l 0
7] + |7

where in Equation (1), 7, = |Ew|/|Ejy| and 7y, = |E,y| /|
Eiy| are the reflection coefficients for both the cross- and co-
polarisation, respectively; E denotes the electric field of the
wave, and 7 and 7 denote the incident and reflected EM waves,
respectively. Comparably, the effectiveness of a circular PC in
managing polarisation is measured using the polarisation-
maintaining ratio (PMR), as in Equation (2) [45], which in-
dicates the performance of the circular PC in maintaining
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the polarisation of a right-hand circularly polarised (RHCP)

wave.

|rrl|2
PMR=—->—"—. (2)
|7lr|2 + |7’w|2

where 7 and / subscripts represent the RHCP and left-hand
circularly polarised (LHCP) states, respectively. For an LHCP
wave, the subscripts in Equation (2) above are switched with »
and [ interchanging. The circular polarisation is attained when
the magnitudes of the major (ry,) and minor (r,,) axis com-
ponents are equal, and the phase difference between them is an
odd multiple of n/2 [46]. To quantify the level of the circulatly
polarised wave, the normalised ellipticity (¢) parameter can be
deployed as in Equation (3) for the y-polarised incident
wave [37].

:2|7xyHryy’sinAgo 3)

|%V|2 + |7w|2 .

where in Equation (3) A@ = @, — @, is the phase difference
between both the co- and cross-polarised reflected fields, @,
and @, represent the reflection phases for co- and cross-
po}arisation, respectively. When 7, is equal to 7,, and Ap =
90 + 2nm (where 7 is an integer), the normalised value of e is
+1. In this scenario, the reflected wave is LHCP. If the con-
ditions 7, = 7,, and Ap = —90° + 2n7 are satisfied, then the
normalised value of e is —1. In this case, the reflected wave is
RHCP. In addition, the axial ratio (AR) is a commonly used
parameter for determining the degree of circular polarisation
of a wave. The AR parameter can be obtained using Equa-
tion (4) for both x- and y-polarised incident waves [38].

_ ’7’;@;’ _ 1— cosAg

In Equation (4), when the magnitudes of |7y, | and |7, |
are equal and the phase difference Ag is equal to +90° + 2n,
the AR is 0 dB, indicating a circularly polarised wave. Also, the
AR takes on a negative dB value in cases where |7y, | < [7,,].

2.2 | Unit-cell design

The design of the final unit-cell and its two-dimensional array
are shown in Figure 1. The unit-cell building block had a dual-
cut (unequal size) SRR and a square patch on its top, with a
continuous copper plane at the bottom. A 3.2-mm-thick (z,)
R4 laminate separated the top and bottom layers, with a
copper thickness (¢; and t3) of 0.035 mm. The FR4's relative
permittivity and loss tangent are 4.4 and 0.02, respectively. The
dimension parameters of the unit-cell were optimised to ach-
ieve the desired results and are displayed in Figure lc as
p=10mm, w, = w; = ws =1 mm, /; = 16 mm, [, =
12.5 mm, /3 = 11 mm, and g = 0.5 mm.

FIGURE 1 (a) Modelling and simulation of the proposed metasurface
PC, (b) perspective view with thickness, and (c) top view of the proposed
unit-cell.

The evolution of the proposed metasurface design involves
four significant steps in its development. Initially, we selected a
well-known metallic SRR on a 10 x 10 mm” FR4 substrate
grounded in a copper plate. We studied the polarisation of the
reflected fields for y-polarised incidents. The SRR unit-cell at
Stage-1, presented in Figure 2a, lacks polarisation conversion
ability, as proven by the fact that the cross-polarised reflection
cocfficient (r,,) is 0, but the co-polarised reflection coefficient
(7yy) is at its peak as shown in Figure 2b. This implies that the
unit-cell does not reflect any energy from the cross-polarised
wave and reflects the maximum amount of energy from the
co-polarised wave. The isotropic nature of the metallic SRR is
the cause of the lack of polarisation conversion capability, as
well as the high co-polarised reflection coefficient. Also, the
isotropic nature results in the designed unit-cell responding
equally to both orthogonal components of x- and y-polarised
incident fields. The orthogonal components are separated into
+45° and —45° directions along the x- and y-axis. As both of
these orthogonal elements have a similar form, no phase shift
occurs, and the cross-polatised reflection from the orthogonal
parts was close to zero, as in Figure 2b.

In Stage-2, two equal size gaps (g3 = g = 1 mm) were
introduced to destroy symmetry. Figure 2c shows the reflection
behaviour from this asymmetric shape, observing that 7., has
increased from 0 to 0.96 at 4.88 GHz and 0.76 at 8 GHz. To
boost the value of 7,,, at Stage-3, the size of gap g is reduced
to 0.5 mm, while the size of gap g remains unchanged.
Figure 2d shows that the introduction of unequal size gaps
(81 # &) increased the value of 7, to 0.87 at around 7.5 GHz.
The final stage of the design involved the addition of an
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optimised square patch. The addition led to a marked
improvement in the value of 7,,, exceeding 0.9, across fre-
quencies from 4.89 to 8.34 GHz, as shown in Figure 2e. Also,
creating high levels of structural capacitance and inductance
results in wideband reflection within the C and X bands. The
performance of the orthogonal components of a y-polarised
incident wave faced a metallic construct form with both a
continuous strip and gap. The +45° orthogonal component
experienced an inductive output owing to the continuous metal
strip. On the contrary, the —45° orthogonal component
exhibited capacitive behaviour due to the metallic gap. Similar
performance is noted for x-polarised waves as is observed for
y-polarised waves.

The PCR for equal and unequal size gaps was calculated
for the final stage to understand the significance of unequal
size gaps. As depicted in Figure 3a, the unequal size gap yielded
a CPC efficiency of over 92% across the 4.89-8.34 GHz range.
In contrast, the equal size gap slightly widens the BW (by
0.25 MHz) but results in an efficiency reduction to below 92%
for a range of 7.23-8.36 GHz, amounting to a small BW in-
crease at the cost of efficiency loss at a considerable BW
(1.13 GHz). This trade-off suggests that an unequal size gap
configuration is comparatively more efficient. To understand
the reflection mechanism, the effective impedance of the
proposed structure was determined using the scattering (§)-
parameter retrieval method [47]. The subsequent equation was
used to extract the normalised intrinsic impedance of the PC.

Stage-1 Stage-2 Stage-3 Stage-Final

(2)
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FIGURE 2
performance for co- and cross-polarisation reflections, (b) Stage-1,
(c) Stage-2, (d) Stage-3, and (e) Stage-Final.

(a) Evolution of the proposed unit-cell to attain optimal

(5)

where Z and §j; are the effective impedance and reflection
coefficients, respectively. In Figure 3b, the normalised real and
imaginary impedance components are shown. The normalised
real impedance consistently hovers near unity throughout the
spectrtum of 4.89-8.34 GHz. Concurrently, the normalised
imaginary part remains close to zero in this range. Notably, in
this span, the normalised impedance of the real part aligns
effectively with the normalised impedance of free space. This
alighment satisfies the impedance matching condition of the
PC with the free space, resulting in minimised co-polarised
reflection (7,,) and maximised cross-polarised reflection (r,)
at this frequency range [48] as depicted in Figure 2e. Particu-
larly, below 4.89 GHz and above 8.34 GHz, the normalised
real part deviates significantly from the unity value, and thus,
high co-polarised reflection occurs.

Table 1 provides additional clarity by demonstrating that
the normalised real impedance values align with unity at 5.09,
6.57, and 7.99 GHz. The normalised imaginary components at
these frequencies are near zero, and therefore, the co-polarised
reflection is noticeably reduced at these specific frequencies.

3 | UNIT-CELL SIMULATION RESULTS

The proposed unit-cell structure was simulated in a full-wave
mode using Ansys HEFSS by deploying periodic boundary
(i.e. Master-Slave) conditions along the x-axis and y-axis, and
the excitation was introduced in the z-direction.

In Figure 4, the performance of the proposed MS is
depicted through its co- and cross-polarised reflection co-
efficients for the case where a y-polarised field (E; = § Ee™®) is
incident on the surface at a 0° angle. Figure 4a shows the
magnitude of the co- and cross-reflection. Besides, as shown in

w

o2% [N
7.23-8.36 GHz}

0.6 ;

o d

g J /"

= H

02 I
——Equal gap

----- Unequal gap

Stage-Final
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FIGURE 3
(b) extracted normalised real and imaginary impedances of the PC.

(a) PCR for equal and unequal size gaps at Stage-Final and

TABLE 1 Normalised real and imaginary impedance values.
Frequency (GHz) Real (2) Imaginary (Z)
5.09 0.95 0.08
6.57 0.89 0.02
7.99 0.88 0.05
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FIGURE 4 Reflection performances of the proposed PC for y-
polarised waves under normal incidence: (a) co- and cross-reflection
magnitudes, (b) phase of both reflections, (c) PCR and AR, (d) co- and
cross-polarised reflected field ratios, (e) ellipticity value, and (f) ECR for
LHCP (left) and RHCP (right).

Figure 4a, it can be noted that the cross-reflection magnitude
exceeds 0.9 for a range of 4.89-8.34 GHz, showing highly
efficient cross-polarisation behaviour. The magnitude of the
co-polarisation reflection in the same spectrum was also
negligible, indicating minimal reflected energy.

The high cross-polarisation conversion efficiency of the
MS is shown in Figure 4c, where the PCR beyond 92% be-
tween 4.89 and 8.34 GHz is observed. Figure 4c also reveals
that the PCR reaches its maximum value of 1 at frequencies of
5, 6.6, and 8 GHz, indicating a peak performance at these
frequencies. The phase output shows a major difference
ranging from +90° to +430° in the 4.89-8.34 GHz range, as
depicted in Figure 4b.

Despite this wide variation in phase, the PCR performance
is not affected because its calculation is independent of the
phase, as indicated by Equation (1). The high PCR perfor-
mance can be attributed to the magnitude of 7., being signif-
icantly higher than that of 7,, within the range from 4.89 to
8.34 GHz. This range covers both the C and X bands as shown
in Figure 4. The PC efficiently works as a high-performance
cross-polarisation converter. Figure 4a also shows that at fre-
quencies of 4.62 and 8.69 GHz, the magnitudes of co- and
cross-polarisation reflections (|7, | = |7x,| = 0.68) are equal.
Figure 4b demonstrates that at the same frequencies, there are
phase differences of +90° and +270°.

The phases of the reflected EM waves are odd multiples
of 90°, while the magnitudes of the co- and cross-polatisation
reflections are equal at 4.62 and 8.69 GHz. The characteris-
tics indicate that the proposed design reflects circularly
polarised waves when linearly polarised incident waves are
applied [49]. As shown in Figure 4c, the designed assembly
exhibits an AR of 0 at 4.62 and 8.69 GHz. The BW of a
circularly polarised wave can be obtained by the frequency
range in which the AR is less than 3 dB [49]. Particularly, a
negative AR value was detected beyond the operational fre-
quency range, as indicated in Figure 4c. This negativity arose
due to the decrease in the magnitude of the major compo-
nent (|7y|) relative to the minor component (|7,,]) as
depicted in Figure 4a.

Furthermore, the ratio between the co-polarised and cross-
polarised reflection fields can be evaluated to determine the
performance of a circular PC. This ratio should be within the
range of 0.85-1.15, and the phase difference between fields
should be within the range of 790° — 5 and #90° + 5, where 7
is an odd integer [37]. Moreover, AR is less than 1 dB in the
proposed structure over the ranges from 4.55 to 4.65 GHz and
8.55-8.69 GHz, indicating that it can effectively generate
circularly polarised waves in these frequency ranges, as shown
in Figure 4d. Also, Equation (3) can be used to calculate the
ellipticity, and the values obtained indicate the type of circular
polatisation produced at different frequencies.

At 4.62 and 8.68 GHz, the e values are +1 and —1, indi-
cating LHCP and RHCP, respectively, as in Figure 4e. The
energy conversion efficiency of circularly polarised EM waves
was assessed by first analysing the PCR. Figure 4c reveals that
at frequencies of 4.62 and 8.68 GHz, the PCR is around 0.6.
This suggests that over half of the energy was transformed in
the orthogonal direction. The energy conversion ratio (ECR)
serves as a measure to determine the efficiency of the entire
energy conversion process and is defined as Equation (6) [50].

ECR = (‘E—m>|2 + }Ey)|2)/|Eiy|2 = |7xy‘2 + |Vyy}2' (6)

where E,, and E,, represent the energy reflected in the x-axis
and y-axis directions, respectively, when an incident wave E;,
propagates along the y-axis. From Figure 4f, it can be
observed that the LHCP conversion efficiency exceeds 93%
within the frequency range spanning from 4.55 to 4.65 GHz.
Similarly, the RHCP conversion efficiency remained above
89% in the 8.55-8.69 GHz range. These outcomes show a
notable attribute of efficiently converting a linearly polarised
incident wave into both LHCP and RHCP waves. In real-
can approach from
various oblique angles. Hence, ensuring a consistent response,

wotld scenarios, waves structures
even when facing deviations in the angle of incidence, would
significantly broaden the PC's practicality. Given the impor-
tance of these attributes, stable incident-angle performance
for both transverse electric (TE) and transverse magnetic

(TM) polarisations is given below.
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3.1 | Incident angle and polarisation
insensitivity

A PC must exhibit stable performance in practical scenatios
irrespective of the wave's incident angle or polarisation mode.
The results demonstrated in Figure 5a,c reveal that the PC
maintains over 80% CPC performance for incident angles up
to 40° within the frequency range of 4.89-8.34 GHz with a
steady output observed for both TE and TM modes. Figure 5b,
d also show that the PCR performance of the PC remains
stable and polarisation insensitive for incident angles of up to
40°. Figure 5a,c depict that despite changes in incident angles
and polarisation modes, within the ranges of 4.55-4.65 and
8.55-8.69 GHz, where LTCP is attained, the magnitudes of the
co- and cross-polarisation reflections remain the same.

To examine LTCP performance, analysing phase difference
and AR behaviour within the ranges of 4.55-4.65 GHz and
8.55-8.69 GHz is essential. As shown in Figure 6ab, the
analysis reveals that the PC can maintain a stable LTCP per-
formance for incident angle vatiations of up to 30°. Also, the
wide incident-angle operation of the PC can be attributed to
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FIGURE 5 (a) Magnitude of co- and cross-polarisation reflections for

TE mode, (b) PCR for TE case, (c) co- and cross-polarisation reflections
for TM mode, and (d) PCR for TM case.

25 450
360
270
180

90

° S
-90 10°
-180
=270

-360
3 4 5 6 7 8 9 10 3 4 5 6 7 8 9 10

Frequency (GHz) Frequency (GHz)

(a) (b)

AR (dB)
A (°)

FIGURE 6 AR, and co- and cross-polarisation phase differences at
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the size of its unit-cell concerning its operating wavelength.
The proposed unit-cell has a dielectric thickness of 0.074 and a
size of 0.224 x 0.221 at a centre frequency of 6.6 GHz, which
is significantly smaller than the operating wavelength. This is
consistent with a study demonstrating that achieving better
angular stability is feasible when dimensions are much smaller
than the operating wavelength [37]. Thus, the structure shows
polarisation insensitivity and stable output operation at a wide
incident angle for the CPC and LTCP.

4 | WORKING PRINCIPLES

This section presents a comprehensive understanding of the
proposed PC by dissecting the y-polarised incident wave into
its # and v components, accompanied by an analysis of the
surface current distribution, to offer insights into the proposed
structure and associated performance parameters.

4.1 | Reflection parameters for u- and v-
components

An analysis of the xy and #v coordinates was conducted to
grasp the operational mechanism of the proposed PC. The
incident wave, polarised in the y-direction (E;), is considered
along with its two components in the #- and v-axes, as shown
in Figure 7. The #- and v-axes are positioned at angles —45°
and +45° to the y-axis, respectively. The incident electric field
(£;) and reflected field (E,) can be separated into two mutually
perpendicular parts along the #- and v-axes, as shown in
Figure 7. Equations (7) and (8) can be used to denote the
incident and reflected waves, respectively.

E;, = &El =uly +VE;. (7)
E,=aFE,, +VE,, =ur,E; + 0r,Ep. (8)
where @1 and ¥ are the unit vectors, and 7,, and 7, denote the

complex reflection coefficients along the #- and v-axes. The
expression for the reflected wave is given by Equation (9) [37].

FIGURE 7
proposed multifunctional unit-cell for the putpose of polarisation

Core structure, parameters, and working principles of the

conversions.
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where 7,,, 74y, and 7,q, 74, represent the magnitudes of the
co- and cross-polarisation reflections, respectively. Addition-
ally, @,u, Quv, A0d Py, Yoy, as phase parameters denote the co-
and cross-phases along the #- and v-axes, respectively.
Owing to its asymmetric shape, the PC exhibits anisotropy
with inhomogeneous permittivity and permeability [51]. Thus,
the phases and magnitudes of the reflected waves can differ. As
shown in Figure 7, the resultant reflected field for #- and v-
polarised waves is along the x-axis if 7,, = 71, ~ 1,
Two = Tou ® 0, and Ap = @, — @, = £180° + 2kn, where k
is an integer. This suggests that #- and v-polarised waves un-
detgo a 90° rotation during reflection, exhibiting CPC output.
In contrast, the LTCP when
Ap =@, — @, = £90° + 2kn, where k is an integer [37].
To validate the evaluation, a simulation of the proposed PC

occurs

was conducted to investigate the magnitude of the reflection
coefficient and reflection phase for #- and v-components.
Figure 8a,c present the reflection coefficient magnitudes for
normal and 40° incident angles, revealing that cross-polatised
reflection is negligible throughout the desired range, while
co-polarised reflection approaches unity. However, this analysis
alone cannot confirm CPC and LTCP conversion bands, and
further analysis is needed to assess the polarisation conversion
range. Thus, Figure 8b,d show the phase difference for 0° and
40° incidents that fall in the range of approximately —180° to
+180° for the bands between 4.89 and 8.34 GHz, validating
linear cross-polarisation reflection across this broad spectrum.
The phase difference between frequencies of 4.55-4.65 GHz
and 8.55-8.69 GHz is almost £90° or +270°, indicating the
presence of LTCP behaviour.
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FIGURE 8 Reflection parameters for #- and v-components: (a) the
magnitude of reflection coefficients at normal incidence, (b) phase
difference at normal incidence, () the magnitude of reflection coefficient at
40° incidence, and (d) phase difference at 40° incidence.

4.2 | Sutface current analysis

The peak PCR values for PC were observed at 5, 6.6, and
8 GHz. These three resonances were considered to provide a
better understanding of the principles of PC by describing the
corresponding current distribution. Figure 9 shows the pres-
ence of an anti-parallel current on the top and bottom layers of
the unit-cell for both #- and v-components. This leads to a
loop current flowing in the dielectric layer, constructing mag-
netic resonance. According to a study, the optimal efficiency is
due to the conflation of PCRs at and close to the reso-
nances [52].

5 | GEOMETRIC PARAMETER
ANALYSIS

The geometric parameters of a PC play an essential role in
determining its performance characteristics. These parameters
include size, configuration, orientation, and spacing as part of
the unit-cell design. Additionally, parametric analysis assists in
fixing the final optimised structure, as shown in Figure 1.

To determine the optimal periodicity of the developed PC,
parameter P varied from 9 to 11 mm in increments of 0.5 mm,
while holding other parameters constant. The results in
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Figure 10a show that the proposed PC with a p value of 10 mm
maintains a PCR of more than 92% within the frequency range
of 4.89-8.34 GHz. Nonetheless, lowering the p value to 9 mm
causes a substantial decrease in the PCR operation near
7.8 GHz, while increasing it to 11 mm reduces the BW and
weakens the PCR rate at approximately 6 GHz.

Using other values for P resulted in either decreased PCR
or reduced BW. The p value was 10 mm as it provided optimal
PCR and BW performance. Also, once the p value is finalised,
the gap g is varied in simulation from 0.5 to 0.2 mm with a step
size of 0.1 mm decrement. The importance of retaining the
value of g (0.5 mm) is discussed in the PC evolution. Thus,
only the effect of decreasing g from 0.5 mm is considered in
this analysis. According to Figure 10b, decreasing the value of g
can sustain a PCR of more than 92%. However, there was a
decrease in BW as the value of g decreased. Hence, the value of
g is set to 0.5 mm since it has been verified that this value
provides optimal performance for both the widest BW and the
highest PCR. Another gap (w5) is adjusted from 0.6 to 1.4 mm
in increments of 0.2 mm, while P and g are also kept at their
optimised values.

According to the results in Figure 10c, optimal perfor-
mance was achieved when w, was set to 1 mm. However,
reducing w, to 0.6 mm increases BW while causing a decline in
the PCR performance at around 5.8 GHz. On the contrary,
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FIGURE 10 Simulated and numerical PCR variations of the PC for
different parametets: (a) p, (b) g, (¢) W, (d) thickness t, (¢) patch size, and
(f) tanod.

increasing w, to 1.4 mm decreases BW and lowers PCR per-
formance at around 7 GHz. Moreover, in simulations, the
dielectric layer's thickness (f) varies from 2.8 to 3.6 mm in
0.2 mm increments, with other parameters being constant.
Figure 10d presents that increasing the thickness results in a
performance shift towards lower frequency ranges while
decreasing it leads to a change near higher frequencies. How-
ever, setting ¢ to 3.2 mm yields the desited PCR and BW.
Another essential parameter patch dimension (/, and ly) varied
from 4.5 to 5.5 mm with 0.5 mm step size. Figure 10e shows
the PCR performance for different patch sizes. Notably, when
ly = I, = 5 mm, the PCR maintained optimal efficiency and
BW. Still, an increase in the patch size results in a reduction in
BW and efficiency. Conversely, a decrease in patch size leads to
an increase in BW but comes at the cost of a major reduction
in efficiency. To understand the effect of substrate loss, the
PCR was calculated for various loss tangents of the FR4
substrate. Figure 10f shows that the loss tangent has a minor
effect on PCR performance.

The proposed unit-cell structure performs well in the 4.89—
8.34 GHz range. However, the structure was scaled from 0.75
to 1.75 in the XY plane to investigate its potential applications
in other ranges. Figure 11a,b shows that scaling the structure
to 0.75 shifts the LTCP operation frequency from 4.62
and 8.69 GHz to 558 and 10.96 GHz, respectively. The
working frequency for CPC shifts from 4.89-8.34 GHz to
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FIGURE 11 Magnitude of co- and cross-polarisation, PCR, and phase

difference of the proposed PC for different scaling of physical dimensions
in the XY plane: (a, b) 0.75, (c, d) 1.25, and (e, f) 1.75.
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6.22-7.18 GHz and 10.12-10.63 GHz. Similarly, scaling the
unit to 1.25 generates LTCP at 3.95 and 7.3 GHz, and CPC
occurs in the range of 5.80-6.92 GHz, as in Figure 11c,d.
Further scaling to 1.75 generates CP at 3, 3.3, 4.64, and
5.52 GHz, and CPC attains a frequency range of 11.19—
11.69 GHz, see Figure 1le,f. Hence, further optimisation of
the scaling of the proposed unit may allow the attainment of
LTCP and CPC in very high or low-frequency ranges.

Figure 11 depicts that the polarisation conversion perfor-
mance of the proposed PC can be shifted to either higher or
lower frequencies. However, BW and efficiency declined during
this frequency shift compared with the original output.
Achieving a wide BW and high-efficiency shift requires opti-
mising the scaling and configuration of the top resonator. In
Figure 12, the parameters of the original PC configuration are
presented.

At first, this configuration was scaled up by a factor of
1.25, and then the lengths of the square patch (/, and /,) and
gap g, are optimised as shown in Figure 12b. The optimisation
of the square patch dimensions (/; = [, = 7.375 mm) and gap
(g2 = 0.125 mm) leads to a shift in the PCR BW from the
original 4.89-8.34 GHz to 4.27-6.34 GHz, achieving an effi-
ciency of over 90%. Notably, this optimised BW remained wide
and at a lower frequency. This optimised result further vali-
dates how adjusting the resonator assembly, in conjunction
with scaling, can effectively shift the BW to a lower frequency.

The lower frequency shift can be elucidated by applying the
resonance equation [53], f, = 1/ 2m\V/LC, where /> represents
the resonance frequency, and L and C denote the inductance
and capacitance, respectively. Scaling the proposed assembly to
1.25 incteases both L and C for the PC, leading to a shift in the
resonance to a lower frequency according to the resonance
equation. This shifted BW is widened and made efficient by
fine-tuning the top resonator structure.
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FIGURE 12 (a) Geometric patameters of the proposed and modified
PC, and PCR performance of the modified PC for the optimisation of the
top resonator at scaling: (b) 1.25, and (c) 0.18.

The proposed unit-cell was further scaled down to 0.18,
and the PCR performance was evaluated to shift the original
wide band to a higher frequency. As depicted in Figure 12c,
using a scale of 0.18 and optimising the square patch
(I = L, = 0.54 mm) resulted in a notable shift of the BW from
the original 4.89-8.34 = 345 GHz to 27.33-30.68 =
3.35 GHz, achieving over 90% conversion efficiency. This
successful near-equal BW shift to mmWave frequencies shows
the importance of precise scaling, tuning, and optimisation,
and the possibility of shifting the entire BW to other fre-
quencies. Also, the higher frequency shift can be elaborated
using the above resonance equation: Lowering the scale re-
duces both inductance and capacitance. Thus, the resonance of
PC shifted to a higher frequency, and subsequently, a wide BW
and high efficiency were achieved by optimising the size of the
square patch.

6 | FABRICATION AND
EXPERIMENTAL RESULTS

The proposed PC was fabricated on an FR4 substrate using a
30 x 30 unit-cell arrangement. Figure 13a shows the realised
PC, which is 300 x 300 mmz; the top and bottom layers are
conductive using copper. Figure 13b shows the deployed setup
for measuring and testing the developed surface. A Keysight
programmable vector network analyser (8361C PNA) and two
standard gain horn antennas, as transmitter, Tx, and receiver,
Rx, were used to measure the relative reflection characteristics
against a solid conductor of exact dimensions.

(b)

FIGURE 13 (a) Fabricated PC prototype with the proposed unit-cell
as its core building block, and (b) RF measurement setup and its associated
equipment, including two DRH-118 wideband horn antennas for normal
incident testing. RE, radio frequency.
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To eliminate unwanted reflection from the room, the time
grating option was enabled in the PNA, where a small time
window was created around the maximum reflected power
initially measured from the conductor used as a reference. This
stage was conducted to validate and experimentally confirm the
wideband performance of the PC. The Tx horn emits x- or y-
polarised waves, and the Rx horn antenna receives x- and y-
polarised waves. The co- and cross-polarisation reflections
were then measured using PNA. Figure 14 shows the measured
and full-wave simulated reflection coefficients, PCR, and AR
for y-polarised waves under normal incidence. In this regard,
good agreement was observed in the reflection coefficients,
PCR, and AR. Figure 14b shows the measured PCR of over
99% for a BW of 4.46-8 GHz.

A non-ideal testing environment and non-linearities of the
selected substrate may have caused a slight mismatch between
the full-wave simulations (an infinite array was considered) and
measurements [37]. The proposed structure's performance at
oblique angles could not be measured due to the limitations of
the measurement setup and RF equipment.

In order to enable a thorough comparison, researchers have
introduced the concept of cost-efficient BW, abbreviated as
BW(E, defined by the expression given as Equation (10) [38]:

RBW

BWep =——
v

(10)

where RBW is the relative bandwidth, and R, is the relative
volume of a unit-cell. R, can be expressed as T,/ x>, where T,
is the total unit-cell volume, and 4 is the centre frequency
within the operational BW of the developed PC.

Finally, Table 2 provides a qualitative comparison between
the proposed PC and the current state-of-the-art PCs, mainly
regarding their functionalities, unit-cell size, thickness, RBW,
BWcg, PCR, circular polarisation type, operating frequency,
polarisation conversion efficiency, and oblique incident angle
output.

Conventional PCs are typically single-functional and can
generate either CPC or LT'CP [10, 20, 21, 25, 27, 29, 32, 51]. By
contrast, our proposed PC is multifunctional, simultaneously
producing both CPC and LTCP. Notably, most multifunctional
PCs operate at higher frequencies, such as the X-band or above
[35, 37, 38, 43, 44], with only a few achieving limited perfor-
mance in the lower C-band. However, these merits often come at
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FIGURE 14 (a) Magnitude of simulated and measured co- and cross-

polarisation treflection coefficients. (b) PCR and AR of the PC under
normal incidents.

the cost of alower CPC efficiency [41] or reduced CPC BW [42].
In contrast, our design covers nearly the entire C-band and part
of the X-band, delivering both a wide CPC BW and high effi-
ciency. It is essential to highlight that our design features the
smallest size (0.224 x 0.224) among all multifunctional PCs in
the comparison table. The unit-cell had a comparable thickness
of 0.064. When assessing the relative BW, our design excels with
the highest CPC RBW compared to other reported PCs [35, 37,
38, 44]. While other works, [41, 43], exhibit slightly larger CPC
BW; ours is superior in size and polarisation conversion.

Furthermore, our PC offers the broadest cost-effective CPC
BW among other multifunctional PCs. When considering the
LTCP performance, our design showed comparable RBW and
cost-effective BW. Notably, our structure depicts comparable
incident angle stability for both CPC and LTCP scenarios.

To delve deeper into our design's superiority, we evaluated
the LTCP efficiency and type. While other multifunctional PCs
generate either RHCP or LHCP waves [37, 41, 44], our
structure stands out by producing both types of circularly
polarised waves. Other studies achieved LHCP and RHCP
generation [35, 42|, with our RHCP efficiency comparable to
theirs. But, the comparison shows that our LHCP efficiency
outperforms that of other multifunctional PCs.

As observed, our proposed and experimentally tested PC
mostly outperformed existing structures regarding several vital
aspects and output figures of merit. The proposed PC stands
out with its compact size, cost-effective CPC BW;, polarisation
conversion efficiency, versatility, simple configuration, single-
layer assembly, and other core electrical properties, such as
wideband output and broad angular stability in both cross and
circular polarisation conversions.

7 | CONCLUSION

In this study, the design and EM performance evaluation of a
polarisation converter (PC) metasurface based on a compact
(0.224 x 0.222), novel, and non-complex unit-cell (as its core
building block) were thoroughly investigated. The proposed
structure exhibits a single broad cross-polarisation conversion
and dual-band linear-to-circular polarisation conversion in the
C and partial X bands. Both forms were converted using an
anisotropic unit-cell, involving a dual-cut SRR and a squate
patch. Owing to the anisotropic nature of the assembly, the
developed metasurface can achieve efficient cross-polarisation
conversion over a range of 4.89-8.34 GHz, with a conversion
efficiency exceeding 92%. Even with variations in incident
angles up to 40°, efficiency can be attained at or above 80%.
The proposed MS demonstrates sustained LTCP conversion at
frequencies between 4.55-4.65 and 8.54-8.69 GHz and can
further maintain incident angle stability up to 30°. The LTCP
performance exhibits its ability to generate LHCP and RHCP,
achieving efficiencies exceeding 93% and 89%, respectively.
Moreover, the MS demonstrates equivalent efficiencies for
TE and TM waves, implying that polarisation changes do not
affect it. A prototype was fabricated and evaluated to verify the
accuracy of the full-wave EM simulations, and our results
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exhibited reasonable consistency. The proposed design shows
improved performance in terms of BW, cost-effectiveness, and
design intricacy. Finally, the developed MS can potentially be
applied for polarisation management in various applications,
such as polarisation RF beam splitters, wave plates, antennas,
satellite, and radar subsystems, and can be scaled up or down
for deployment in other bands. In the future, a potential target
can be to investigate the robustness of the realised metasurface
and its associated building blocks to determine the absorption
characteristics and other related propagation applications.
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