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Abstract
This article presents an innovative design for a low-profile, high-gain circularly polarized
(CP) antenna using a single-layer metasurface (MTS). The proposed design incorporates an
MTS layer, comprising a 4 × 4 array of hexagonal-shaped patches, printed on the top layer
of the substrate. The bottom layer features a coplanar waveguide-fed slotted ground. Circular
polarization and broadside radiation are achieved through the application of characteristic
mode analysis (CMA). CMA is employed to simultaneously excite desired modes, aiming
for wideband circular polarization and gain enhancement. Experimental results validate the
effectiveness of the design, with compact dimensions of 0.67λ0 × 0.67λ0 × 0.04λ0. The mea-
surements demonstrate an impressive impedance bandwidth of 84.3%within the 3.7–9.1 GHz.
Additionally, a 3-dB axial ratio bandwidth of 18.6% is observed between 4.96 and 5.98GHz and
3.74% between 8.38 and 8.7 GHz. The antenna exhibits excellent radiation pattern character-
istics, featuring a maximum gain of 10.08 dBi at 7.1 GHz.The radiation pattern is symmetrical
with broadside directionality, making the antenna well-suited for sensing applications.

Introduction

Antennas have attracted significant attention across various fields due to their compact size,
uncomplicated design, passive wireless functionality, and capacity to handle both communi-
cation and detection tasks with minimal components [1]. Consequently, a diverse range of
antennas has emerged for applications in communication, sensing, and biomedical domains
[2–9]. Inmodern wireless communication, circularly polarized (CP) antennas have particularly
picked researchers’ interest due to their unique ability tomitigate Faraday rotation effects, polar-
ization discrepancies, and multipath interference, resulting in enhanced performance [10]. In
paper [11], a CP antennawas developedwith a patch and ring designwith 3-dB axial ratio band-
width (3-dB ARBW) of 6.94%. Nonetheless, this antenna suffered from a limited impedance
bandwidth (IBW) which became a considerable challenge for designers. Another approach uti-
lized ground radiation techniques to reduce antenna size while maintaining a 3-dB ARBW
of around 10.6%, yet it also struggled with narrow IBW [12]. These findings underscore the
formidable hurdles in creating CP antennas with broader IBWs. Although numerous methods
have been proposed to minimize antenna dimensions, further research is necessary to design
CP antennas featuring wide ARBW and IBW, along with a simple and compact structure.

Within the antenna field, there exists a need to enhance the 3-dB ARBW for circular polar-
ization. Various attempts have been made in pursuit of this goal, including the utilization
of microstrip patches [13], parasitic patches [14–16], stacked patches, and thicker substrates
[17, 18]. While these structures have expanded the AR bandwidth, they have also introduced
complexity and bulkiness. In another approach [19], a cross-slot-coupled metasurface (MTS)
antenna was proposed, offering a wide circular polarization bandwidth but at the expense of
increased antenna size. Other techniques, like placing a substrate above the radiating element,
have also been explored, but these designs still grapple with size issues and mechanical fragility
due to the incorporation of an air gap [20, 21]. To surmount these challenges and achieve a
compact form factor with improved circular polarization, researchers have turned to MTSs.
Previous studies have introduced single-layered MTS antenna designs [22, 23] that achieve a
broad 3-dB ARBW.

Recently, the characteristics mode theory (CMT) has played a pivotal role in antenna
design, providing valuable insights into antenna operation [24]. CMT was initially formu-
lated by Garbacz [25] and later refined by Harrington and Mautz [26] in the 1970s. Through
characteristic mode analysis (CMA), a deeper understanding of antenna structure is attained,
encompassing eigenvalues, associated currentmodes, and far-field radiation, facilitating the cre-
ation of wideband, low-profile CP antennas [27–29].
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Figure 1. MTS without ground: (a) upper surface and (b) side surface. Dimensions
are L1 = 9, B1 = 12.2, W = 0.4, S1 = 55, T = 3.2 (unit: mm).

Recently, there are different types of MTS-based antennas have
been proposed with the aim of high gain, low profile, and circular
polarization; however, very few of these designs are able to accom-
plish all three of these goals at once [22, 30–33]. This work aims
to develop an innovative broadband CP antenna with a low pro-
file and high gain for C-band applications. The proposed design
features a hexagonal-shaped MTS layer with a slotted ground and
utilizes CMA to achieve circular polarization and broadside radi-
ation. The key contributions include a CP antenna design with a
−10 dB return loss bandwidth of 84.3% and dual 3-dB ARBWs of
18.6% and 3.74%. The proposed work also implements a proper
feeding system to excite desired modes and achieve a broader 3-dB
ARBW and IBW. The manuscript is structured into six sections.
In the “Proposed MTS design through CMA” section, the CMA
approach for the hexagonal MTS is discussed and the application
of CMA on the MTS layer with slotted ground is also discussed.
The “Proposed MTS-based antenna design” section presents the
antenna design with a ground slot and coplanar waveguide (CPW)
feed. The “Experimental setup for measuring proposed antenna”
section presents the experimental setup. The “Result and discus-
sion” section presents the results and discussion, comparing simu-
lated and measured data. The “Conclusion” section concludes the
work, summarizing the findings.

Proposed MTS design through CMA

This section describes the stepwise evolution of a CP high-gain
antenna using CMA. It is divided into three subsections: (1) CMA
analysis on a 3 × 4 hexagonal MTS layer to evaluate its properties,
(2) applying CMA to an MTS layer with a slotted ground, and (3)
implementing CMAon anMTSwith amodified ground to achieve
circular polarization.

CMA of the 3 × 4 hexagonal-shaped MTS layer

CMA is an analysis that is modal (free of excitation) in nature and
characteristic mode (CM) in any conducting structure is current

mode which is numerically calculated for that particular structure
[34]. These current modes are introduced as a set of orthogonal
modes that spread out the far field and current induced in the struc-
ture depending on the size and shape of the conducting structure.
Thus, in the case of a perfect electric conductor body, characteristic
current can be defined as [34, 35]

J = ∑
n
Cn.Jn. (1)

Here,Cn represents modal weighting coefficient (MWC) and Jn
represents characteristic current associatedwith a particularmode.
For an excitation,MWCdefines impact created by every single cur-
rentmode in overall electromagnetic response and it is determined
as [36]

|Cn| = 1
|1 + j𝜆n|

* ∣∫ Jn * EidS∣ = MS * |vn| . (2)

Here, MS represents modal significance, 𝜆n represents eigen-
value, and vn stands for modal excitation coefficient. MS reveals
the amplitude of the characteristic currents and indicates the share
of a particular mode in the whole radiation, MS is written as

MSn = 1
1 + j𝜆n

. (3)

It must be noted that the mode is counted as a significant mode
only if theMSof that particularmode is greater than 1/√2. Another
significant criterion in the CMA is the characteristic angle (CA)
that reveals difference in the phase of the real characteristic current
(Jn) and its characteristic field (En), which adds information about
the behavior of every single mode. CA is determined as

CAn = 180 − tan−1 (𝜆n) . (4)

The aim is to design a single-layer MTS antenna with circu-
lar polarization using predefined rules in CMA. The rules are (1)
simultaneously excite two orthogonal modes with current distri-
butions perpendicular to each other. Modes in the context of CMT
relate to particular patterns of voltages and currents on the struc-
ture. In terms of their current distributions, “orthogonal” modes
refer to modes that are mutually perpendicular to one another.
Consider the following scenario: the structure consists of two
orthogonal modes, modes 1 and 2, each with a current distribu-
tion. Every mode has a distinctive current distribution of its own.
When exciting two orthogonal modes, the current distributions
associated with each mode are perpendicular to each other. (2)
The magnitude of both modes at a specific point must be equal,
MS1 = MS2, (3) maintain a 90∘ phase difference between these
two modes, i.e., CA1 − CA2 = 90∘ [35]. CAs refer to the angular
distribution of the radiated electromagnetic fields linked to partic-
ular CMs of a radiating structure in CMT.The structure’s geometry
and themodes that are being considered are used to define the CA.
Certain applications, especially those involvingCP antenna design,
have a specific need for the typical angle phase difference of 90∘. It
means keeping the azimuthal angles connected to two CMs at a 90∘

phase difference.
By utilizing the concepts of CMA, we have proposed an MTS

structure as shown in Fig. 1, and modal behavior of MTS structure
without ground is analyzedwith the help ofCSTMicrowave Studio.
The structure configuration includes the 3 × 4 hexagonal-shaped
MTS layer printed on the top layer of Rogers RT5880 (with 𝜀r = 2.2
and thickness (T) of 3.2 mm) substrate.

As depicted in Fig. 2, the initial six current modes are com-
puted, and parameters pertinent to CMA, namely MS and CA, are
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Figure 2. CMA analysis of MTS (a), MS, and (b) CA.

Figure 3. MTS with slotted ground: (a) top surface, (b) bottom surface, and (c) side surface. The dimensions are L1 = 9, B1 = 12.2, W = 0.4, S1 = 55, T = 3.2, S2 = 55,
L2 = 15.4, F1 = 0.4, H1 = 27, B2 = 1, M1 = 5.3 (unit: mm).

Figure 4. CMA analysis of MTS with ground (a) MS and (b) CA.
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Figure 5. Distribution of surface current: (a) mode 1, (b) mode 2, (c) mode 3, (d) mode 4, (e) mode 5, and (f) mode 6 at 5.2 GHz.

Figure 6. 3D radiation pattern: (a) mode 1, (b) mode 2, (c) mode 3, (d) mode 4, (e) mode 5, and (f) mode 6.
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Figure 7. MTS with modified ground: (a) top, (b) bottom, and (c) side views. The dimensions are L1 = 9, B1 = 12.2, W = 0.4, S1 = 55, T = 3.2, S2 = 55, L3 = 8.55, L4 = 15.5,
L5 = 9.2, L6 = 3, F1 = 0.4, H1 = 27, B2 = 1, M1 = 5.3 (unit: mm).

Figure 8. CMA analysis: (a) MS and (b) CA of modified ground MTS.

determined using equations (3) and (4). From Fig. 2(a), we have
observed that current mode 1 (J1), mode 2 (J2), mode 3 (J3), and
mode 5 (J5) are the resonating modes as their MS levels are greater
than or equal to 0.7 at 6.5 GHz. As shown in CA in Fig. 2(b) and
from equation (4), it is clear that the phase difference between the
modes J1 and J2 is not 90∘. Thus, as per the condition to achieve
CP, the difference in phase between CA of two modes is to be close
to 90∘. Further, for excitation of modes in MTS, we need to pro-
vide feed, therefore, a ground is attached to the structure with a
parallel slot.

CM analysis of MTS with slotted ground plane

In this section, a parallel slotted ground structure is introduced
beneath main substrate to achieve a low-profile antenna design,
incorporating concept of CPW feed. The MTS layer with this slot-
ted ground is shown in Fig. 3. The first six current modes are
computed and both parameters, MS and CA, are analyzed, as

shown in Fig. 4. Notably, new currentmodes are produced by inser-
tion of the slotted ground. In Fig. 4(a), currentmodes J1, J2, J3, and
J4 are recognized as resonant modes, with MS values approaching
or above 0.7 after 4 GHz.

Also, to understand CP behavior, current distribution pattern
is calculated at 5.2 GHz. After analyzing current distribution pat-
tern of modes as shown in Fig. 5, we have concluded that mode 1
(J1) andmode 2 (J2) are requiredmodes for generating CP because
bothmodes have orthogonal surface current distribution. It is seen
that current distribution pattern ofmode 1 (J1) is on the x-axis and
that of mode 2 (J2) is on the y-axis.This makes J1 and J2 good can-
didates for realizing CP. In addition, gain performance of antenna
is verified by plotting 3D far-field pattern at 5.2 GHz shown in
Fig. 6. From Fig. 6, it is evident that mode 1 and mode 2 are the
essential modes for achieving gain enhancement because of their
directive radiation patterns. Furthermore, as indicated in Fig. 5,
modes 1 and 2 exhibit in-phase currents, which result in a broad-
side radiation pattern. On the other hand, modes J3, J4, J5, and J6
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Figure 9. Geometry of the hexagonal-shaped MTS antenna: (a) top view, (b) back view, and (c) side view.

Figure 10. Simulated reflection coefficient of the proposed CP antenna.

have opposing phases, rendering them unsuitable for the desired
outcome, leading to a radiation null at the boresight.

Upon analyzing the structure using CMA, it is concluded that
two modes, J1 and J2, are ideal for generating circular polarization
and achieving gain enhancement. However, it is worth noting that
phase difference (CA) is not exactly 90∘ formodes 1 and 2 as shown
in Fig. 4(b).Therefore, it is necessary to introduce amodified slot to
achieve this 90∘ phase difference effectively for circular polarization
generation.

CM analysis of MTS antenna with modified slotted ground

Observing current distribution in both modes 1 and 2 in Fig. 5, it’s
evident that mode 1 concentrates its current at top and bottom of
theMTS,whilemode 2 does so at the left and right sides. To achieve
circular polarization at 5.2 GHz, ground slot is appropriately mod-
ified by extending it in the x and y directions, as shown in Fig. 7.
This adjustment maintains the original MTS dimensions.

Circular polarization is attained by ensuring a 90∘ phase differ-
ence. However, introduction of additional modes complicates this
condition. When magnitudes of currents in orthogonal directions
differ, it results in elliptical polarization rather than a pure circular
state.This deviation is measured by the axial ratio, a crucial param-
eter for evaluating circular polarization quality. Examining the
impact of other modes on the axial ratio requires understanding
their contributions to current magnitudes. Each mode introduces
its unique currents, and their interaction can disrupt the desired
90∘ phase relationship, leading to variations in the axial ratio and
deviating from ideal circular polarization.

To tackle this challenge, a thorough examination of contri-
butions from each mode is essential. Identifying and suppress-
ing unwanted modes using CMA becomes necessary. This can
be achieved through geometrical alterations in the structure or
adjustments to the feed. In the proposed design, Fig. 5 illustrates
the surface current distribution of each mode. Analyzing this, we
observe that mode 1 and mode 2 have a higher density of surface
current around the center of the MTS. To excite mode 1 and mode
2, we need to excite patches around the center of the MTS which
is done by using the proposed feed. Thus, designing an optimized
feed allows us to suppress unwantedmodes and achieve the desired
circular polarization.

Applying CMA to this modified structure reveals that modes
1 and 2 resonate effectively, and there’s an approximately 90∘

phase difference between them around 5.2 GHz, as indicated in
Fig. 8(a) and (b). Thus, this modified design is confirmed to pro-
duce circular polarization at 5.2 GHz.

Proposed MTS-based antenna design

As established in the previous section, it’s evident that themodified
structure is capable of generating circular polarization at around
5.2 GHz. To validate this, a CPW feed is applied to the modified
structure, essentially converting the previously designed ground
slot into a CPW feed.This conversion is based on the consideration
of the current distribution pattern for modes 1 and 2. As a result,
the CPW feed, which transforms the slot into CPW feed, effectively
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Figure 11. Axial ratio of the proposed CP antenna.

and simultaneously excites current modes 1 and 2. The designed
antenna with these changes is depicted in Fig. 9, maintaining the
same dimensions as in Fig. 7.

Further, the points for the selection of antenna geometry, design
methodology, and novelty of the structure are as follows:

(1) Single-layer MTS: Instead of conventional multilayered struc-
tures, this antenna utilizes a single MTS layer printed on
the top of the substrate. This single layer reduces fabrication
complexity and improves compactness.

(2) 4 × 4 array of hexagonal patches: The MTS layer comprises
an array of hexagonal-shaped patches. These patches act as
resonant elements, manipulating the electromagnetic field to
achieve desired radiation characteristics. Hexagons possess
inherent symmetry, offering uniformity in the arrangement
of patches, which simplifies analysis and design using tech-
niques like CMA. The shape and dimensions of the hexagon
can be readily adjusted to manipulate its resonant frequency
and radiation characteristics.

(3) CPW-fed slotted ground:The bottom layer features amodified
CPW feed line connected to a slotted ground plane utilized to
excite the desired CMs. This configuration efficiently excites
the MTS layer and contributes to circular polarization.

The simulation results indicate that IBWof the hexagon-shaped
MTS antenna spans 84.3%, ranging from 3.7 to 9.1 GHz as shown
in Fig. 10. Furthermore, the structure achieves circular polariza-
tion, with a dual 3-dB ARBW of 18.6%, ranging from 4.96 to
5.98 GHz, and 3.74%, ranging from 8.38 to 8.7 GHz as shown
in Fig. 11. In addition, Fig. 12 illustrates the realized gain of the
proposed MTS antenna, reaching a peak value of 10.08 dBic at
7.1 GHz.

Experimental setup for measuring proposed antenna

Figure 13 depicts the configuration for measuring far-field param-
eters to test the proposed antenna. In the anechoic chamber, the
radiation patterns, axial ratio, and gain values are measured [37].
At one end of the anechoic chamber is a testing antenna, and at the
other end is a normal gain horn antenna.

Figure 12. Gain of the proposed CP antenna.

Figure 13. Anechoic chamber measurement setup.

The far-field method, a common approach to antenna radia-
tion pattern measurement, involves placing the proposed antenna
at a sufficient distance from a measuring antenna. This distance
ensures that radiated waves are approximately planar and uniform.
The measuring antenna rotates around the test antenna, recording
received signal strength at various angles. The collected data are
then used to create a polar plot, providing a visual representation of
the antenna’s radiation pattern in a specific plane. The orthogonal-
ity in the polarization can be accomplished bymeasuring axial ratio
by rotating the standard gain antenna by 90∘ [38]. Gain ismeasured
using the replacement method in a similar setup.

Result and discussion

The photograph of fabricated antenna is depicted in Fig. 14. The
simulated and measured results of the antenna are identical with
some discrepancies that occur due to fabrication tolerance. The
measured results indicate that the IBW of the antenna is 84.3%,
ranging from 3.7 to 9.1 GHz as shown in Fig. 15. The antenna
also has a dual 3-dB ARBW that ranges from 4.96 to 5.98 GHz
(18.6%) and from 8.38 to 8.7 GHz (3.74%) as depicted in Fig. 16.
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Figure 14. Photograph of fabricated antenna.

Figure 15. Simulated and measured reflection coefficients of the proposed
antenna.

Figure 17 shows the measured gain values of antenna and it is
observed that proposed design shows stable gain within the IBW
of antenna with peak value of 10 dBic at 7.1 GHz. The radiation
pattern of the CP single-layer hexagonal-shaped MTS antenna at
5.2 GHz and 8.5 GHz is presented for both the E-plane and H-
plane. Figure 18(a) displays the radiation pattern in the xz- and
yz-plane at 5.2GHz and it is observed that the antenna exhibits left-
hand circular polarization (LHCP) in the boresight direction while
Fig. 18(b) in the xz- and yz-plane at 8.5 GHz.The radiation pattern
exhibits LHCP in the boresight direction with a cross-polarization
level exceeding 15 dB in the broadside direction.

It is noteworthy that the results presented in the statement val-
idate the design and functionality of the fabricated antenna. The
measurement results show that the antenna is capable of oper-
ating over a wide frequency range and has a high gain, which
makes it suitable for use in various sensing applications. The sim-
ulation results also provide insight into the expected behavior
of the antenna, which can aid in the optimization of the design
parameters.

Comparative analysis in detail

This information provides valuable insight into the performance of
the proposed antenna in terms of its radiation characteristics and
how it fares in comparison with other existing designs as shown in
Table 1. It is observed that proposed design has wide 3-dB ARBW

Figure 16. Simulated and measured axial ratio of the antenna.

Figure 17. Simulated and measured realized gain of the antenna.

as compared to papers [11–13, 22, 24, 30–32].The proposed design
has peak gain of 10.08 dBi which is more as compared to other
designs with compact size as compared to papers [22, 32]. The
improvement in the axial ratio and return loss bandwidth further
indicates that the proposed antenna is a promising candidate for
various sensing and communication applications.

Conclusion

In this work, we have introduced a design for a low-profile MTS
antenna with high gain and CP. The utilization of CMA theory
has enabled us to determine the optimal feed position and struc-
ture, leading to the excitation of required modes and resulting in a
compact antenna design characterized by high gain and wideband
CP. Our proposed CPMTS antenna exhibits notable performance,
boasting an impressive IBW of 84.3% and dual 3-dB ARBWsmea-
suring 18.6% and 3.74%, respectively. Furthermore, the antenna’s
overall size of 0.67λ0 × 0.67λ0 × 0.040λ0 confirms its compact
footprint. The radiation pattern of the proposed antenna is bidi-
rectional, achieving a peak gain of 10.08 dBi at 7.1 GHz.The future
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Figure 18. Measured normalized radiation patterns at (a) 5.2 GHz and (b) 8.5 GHz.

Table 1. Comparison of the designed structure with CP antennas discussed in the literature

Ref. 3-dB ARBW (%) IBW (%) Dimension (λ0 × λ0 × λ0) Gain (dBi)

[11] 6.94 20.56 0.65λ0 × 0.65λ0 × 0.066λ0 7

[12] 10.6 3.7 0.28λ0 × 0.28λ0 × 0.008λ0 1

[13] 1.10 4.60 0.21λ0 × 0.21λ0 × 0.013λ0 3.9

[24] 9.02 29.11 0.52λ0 × 0.52λ0 × 0.078λ0 6.34

[30] 5.21 4.03 0.18λ0 × 0.18λ0 × 0.010λ0 3.05

[31] 1.21 4.81 0.24λ0 × 0.24λ0 × 0.03λ0 4.17

[32] 13.8 25.1 1.0λ0 × 1.0λ0 × 0.059λ0 8

[22] 14.7 14.7 1.18λ0 × 1.18λ0 × 0.05λ0 9.1

[33] 13 & 4 (dual) 13 & 4 0.2λ0 × 0.2λ0 4.8

Prop. 18.6 and 3.74 (dual band) 84.3 0.67𝛌0 × 0.67𝛌0 × 0.040𝛌0(𝛌0 = 81.08 mm) 10.08
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work includes further optimization of CMs of proposed design to
converge high gain and 3-dB ARBW regions. Additionally, imple-
menting the antenna on flexible substrate to explore its viability for
wearable applications.
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