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ABSTRACT A wideband, high gain circularly polarized (CP) metasurface (MTS) based slot antenna is
presented. The designed nonuniform slots provide wider bandgap regions and extra degree of freedom in
tuning to obtain wider impedance bandwidth through improved mode coupling for fixed optimum feed
location along with improved 3-dB axial ratio bandwidth and gain. The extra radiation edges provided
by nonuniform slots within the unit cell help in improving mode coupling thus resulting in increased
performance of the designed antenna. Improved mode coupling in case of the proposed antenna is
explained and verified using characteristic mode analysis (CMA). The proposed antenna with a small
size of 0.8 x 0.8 x 0.079 λ3

0 (λ0 at 6 GHz) is designed. Based on the proposed analysis, an antenna
having wide impedance bandwidth of 48.74% (5.74-9.44 GHz), and a 3-dB axial ratio (AR) bandwidth
of 19.92% (6.19-7.56 GHz) with a peak gain of 9.35 dBi is designed. In addition, a 2 x 2 array of
proposed MTS is designed and fabricated. The MTS array has a peak gain of 14.45dBi with a 3-dB
AR bandwidth of 61.75% and impedance bandwidth of 71.71%. The proposed antennas find good use in
WiMAX, C-band, and radars applications.

INDEX TERMS Non-uniform metasuraface, circular polarization, high gain, wideband antenna.

I. INTRODUCTION

HIGH gain, wideband, and circular polarized antennas
are one of the key requirements in communication

systems. To achieve these traits, microstrip patch antennas
are one of the choices [1], [2], [3]. However, patch antennas
have narrow impedance bandwidth (IBW) and 3-dB axial
ratio bandwidth (ARBW) for circular polarization along
with low gain. Recently, use of metasurfaces (MTS) is
gaining importance for enhancing antenna performance.
The effective approach of enhancing antenna’s performance
matrices is the placement of metasurface either above or
below the radiating element. This approach got significant
attention due to the unique concept of generating extra
resonances by the surface waves’ excitation of radiating
patch, leading to the overall increase in the IBW and 3-dB
ARBW [4], [5], [6]. Metasurface comprised of an array of
unit cells used in [4], [5], [6] block the flow to surface
currents along the sheet. Such metasurfaces help in exciting
surface waves by means of unit cells to generate extra

resonances that eventually increase the bandwidth. Utilizing
this notion, the significant increase in the IBW (42.1%,
45.6%, 43.2%) and 3-dB ARBW (30%, 23.4%, 22%) of
designed antennas were reported in [4], [5], [6], respectively.
Although, such MTS-based patch antennas effectively widen
the bandwidths but their low gain ranging from 6.16-
7.6 dBi make the designs not so preferable for certain high
gain applications. To overcome this issue, MTS radiated
through the coupling slots effectively resulted in high gain
along with wideband bandwidth, and 3-dB ARBW [7],
[8], [9], [10], [11], [12]. A common type of antenna
improving the performance matrices is the Fabry-Perot
resonator antenna (FPRA) [8], [9]. Undoubtedly, FPRAs
are very popular in achieving high gain with wideband
properties but their mechanical fragility due to the presence
of air gap and relatively high profile limit their application.
Therefore, the alternate approach of realizing low-profile
antennas without air gap has been adopted frequently
in [10], [11], [12].
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FIGURE 1. Geometry of Proposed Metasurface Antenna. (a) Front-view,
(b) Side-view. The optimized design parameters are: Wg = 40mm, Wp = 9mm, g =
1mm, Lf1 = Lf2 = 20mm, Ws = 2.8mm, Ls = 28mm, Wf = 1.81mm, ht = 3.18mm, hb =
0.787 mm, tc = 2.83mm, Cir = 1.7mm, Sqr = 0.5mm, Oct = 5.93mm, and Str = 3.9mm.

In addition, characteristic mode analysis (CMA) has been
effectively used for antenna design and subsequently its
analysis. For example, the potential application of CMA
for realizing wideband antennas was reported in [13],
[14], [15] where multiple resonances were simultaneously
excited, leading to the wideband antennas. However, these
proposed antennas were either linearly polarized [13], [14] or
circularly polarized with narrower impedance bandwidth, i.e.,
25% [15]. Apart from single element MTS, the bandwidth
and gain were improved by the use of array configurations
in [19], [20], [21], [22] at the expense of large size and low
3-dB axial ratio bandwidth. To summarize, these different
design approaches resulted in improvement of either antenna
impedance and 3-dB axial ratio bandwidths [4], [5], [6],
[11], [12] but with low gain, or when tried to improve
gain along with IBW and 3-dB ARBW resulted in high
profile and/or large size [7], [8], [9], [10]. These performance
traits are not simultaneously achieved in a single design.
In this article, a novel non-uniformly slotted MTS-based
low-profile antenna is proposed to improve the antenna’s
bandwidth, gain, and axial ratio, while preserving antenna’s
compactness. Such an MTS is excited by an L-shaped
microstrip feedline through a slot in the ground plane.
The article is arranged as follows: Section II gives the
overview for the proposed antenna geometry. In Section III, a
detailed analysis of the working mechanism of the designed
antenna is presented along with the explanation of circular
polarization. Section IV discusses simulated and measured
results of a single element metasurface antenna. Section V
presents the array configuration of the proposed antenna to
further improve gain and 3-dB axial ratio bandwidth, trailed
by the conclusion in Section VI.

II. DESIGN OF PROPOSED ANTENNA ELEMENT
The geometry of the proposed MTS antenna designed for
C-band is illustrated in Fig. 1. The antenna comprises of two
Rogers RO5880 substrates (εr = 2.2, tanδ = 0.0009) with

FIGURE 2. Structure and reflection phase of square unit cell. Wp = 9 mm, ht =
3.18 mm εr = 2.2, tanδ = 0.0009.

thicknesses of ht = 3.18 mm and hb = 0.787 mm. The upper
substrate of thickness ht incorporates the top (MTS) layer,
while the lower substrate of thickness hb is provided for the
middle ground plane and bottom microstrip feedline layers.
The proposed MTS consists of 4x4 square metal patches
of the size Wp and the patch-to-patch gap of ‘g’ placed
on the top surface. Slots of different shapes and sizes are
etched from these patches and the corners of each patch are
truncated. A square ground plane of size Wg is sandwiched
between the top and bottom substrates. The ground plane
contains a slot of width Ws and length Ls located in the
center of the plane. On the bottom of the second substrate,
L-shaped microstrip feedline is placed.

III. DESIGN GUIDELINES AND WORKING PRINCIPLE OF
THE PROPOSED ANTENNA
A. DESIGN GUIDELINES
Metasurface is the engineered structure composed of the sur-
face distribution of electrically small resonators, commonly
known as unit cells [16]. The size ‘s’ of each unit cell
lies within the range of effective homogeneity limit (EHL),
i.e., λ0/20 ≤ s ≤ λ0/4 [16], where λ0 is the wavelength
at 5 GHz. The antenna design starts with a simple square
shaped unit cell designed at 5GHz with size Wp = 9mm
for EHL= λ0/7. This unit cell is analyzed using floquet-port
HFSS model that provides the in-phase reflection property.
The response shown in Fig. 2 reveals that the bandgap region
over which the reflection phase lies between +90◦ to −90◦
supports in-phase reflections due to high impedance. In this
range of frequencies (or radiation bandwidth, i.e., 4.3 GHz
to 5.7 GHz) the radiation efficiency is high. We suggest the
readers to follow [16] for the detailed insight about how
radiation efficiency is related to the radiation bandwidth of
a unit cell.
To instil nearby resonances that will widen the bandgap

region and improve radiation bandwidth and radiation effi-
ciency in response, slots need to be etched from the unit
cell. The geometry of slots is acquired in such a manner
that more than one radiating edges could be provided within
the unit cell [25]. Such radiation edges will provide extra
room to the electromagnetic fields to radiate in free space.
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FIGURE 3. Slotted unit cells. (a) Octagon-slot unit cell, (b) Star-slot unit cell,
(c) Circle-slot unit cell, (d) Square-slot unit cell.

FIGURE 4. Reflection phase response of unit cells. (a) Octagon-slotted unit cell.
(b) Star-slotted unit cell. (c) Circle slotted unit cell. (d) Square slotted unit cell.
(Wp = 9mm).

For this purpose, different shapes such as octagon, square,
circular and star shaped slot (consisting of two inverted
equilateral triangles) are loaded on the unit cells in such a
manner that more than one radiating edge corresponding to
different frequencies in band of interest be provided within
the unit cells. The dimensions of these slots relate to EHL
= λ0/6.7 for λ0 = 7 GHz. Considering this EHL, the initial
dimension of WOct, WStr, D, and WSqr are taken as 6.4 mm.
Each slotting geometry and dimensions are shown in Fig. 3.
These dimensions are optimized afterwards and are given in
Fig. 1. Again, the floquet-port analysis with same set-up is
made on the slotted unit cells where the outer dimension Wp
is fixed, and only the shape and size of the inner slots are
changed for inspecting their effect. It can be seen in Fig. 4
that the addition of slots increases bandwidth. This wider
bandgap region improves the radiation efficiency, that leads
to the improvement in antenna’s gain. The unit cells with
the non-uniform slots are assembled to form the proposed

FIGURE 5. Configuration of different MTS antennas. zx is E-plane and zy is H-plane
symmetry.

FIGURE 6. S-parameter comparison of three MTS antennas.

4 x 4 metasurface structure, as shown in Fig. 1. The specific
arrangement of the slot resulting in the proposed antenna
is intentional and the reason of this arrangement will be
explained in Section III-B.

B. WORKING PRINCIPLE: EFFECT OF SLOTS ON MODE
COUPLING
As discussed in Section III-A, the loading of non-uniform
slots results in widen bandgap regions. This is attributed
to the fact that these slots provide additional radiation
edges corresponding to their operating frequency thereby
resulting in better performance. In this regard, a performance
comparison is made among three different MTS antenna
configurations as shown in Fig. 5. The first structure,
Antenna-I is composed of conventional 4 x 4 unit cells
metasurface with truncated corners, a slotted ground plane,
and a feedline. The corners of each unit cell are truncated
to achieve circular polarization as will be explained in
Section III-C. Antenna-II is the square-patch MTS having
uniform slots while Antenna-III is the proposed MTS with
slots of different geometric shapes, and sizes along with
truncated corners. All three antennas have the same overall
size and substrate heights. Moreover, for the fair comparison
the feed location is fixed in all the cases. The |S11|
curves of all three antennas are depicted in Fig. 6, in
which, Antenna-III confirms that the proposed metasurface
provides wide −10dB impedance bandwidth from 5.74 GHz
to 9.44 GHz due to its nonuniform geometry.
The characteristic mode analysis (CMA) of all three

antennas is performed to fully comprehend the impact of the



1435 IEEE OPEN JOURNAL OF ANTENNAS AND PROPAGATION, VOL. 5, NO. 6, DECEMBER 2024

FIGURE 7. CMA of Antenna-I. (a) Modal Significances (MS). (b) Modal Weighting
Coefficients (MWC).

suggested slotting geometry over the resonance of nearby
modes. More importantly, the modal current patterns of
respective modes will help in adjusting the place of slots
in the unit cells. To assert the claim, two important param-
eters, i.e., Modal Significance (MS) and Modal Weighting
Coefficient (MWC) are obtained by the CMA. A mode is said
to radiate if itsMS ≥ 0.707, while MWC tells how efficiently
a mode is coupled to a source. A high modal weighting
coefficient value over a frequency band of interest means
that power is being strongly coupled to the mode. Therefore,
a mode will not radiate with MS value of even 1, if its MWC
value is low [18], [19]. The modal analysis is categorized into
three parts respective to the antenna type. Firstly, CMA of
Antenna-I is performed to get MS values of first eight modes,
as shown in Fig. 7(a). As the aperture-coupled feeding slot
(typically for magnetic coupling) is placed on the ground
plane, underneath the center of MTS (shown in Fig. 1). In
lieu of this concept, the analysis on the design needs to
be started by undertaking the CMA in CST with feedline.
In this regard, the MWC values are calculated by placing
an equivalent feeding stripline surrogate along the parallel
of MTS at the center, to emulate aperture-coupled feeding
slot [26]. Fig. 7(b) shows the MWC values of each mode for
Antenna-I. From Fig. 7(b), it can be observed that just two
modes are coupled well to the source and thus can be excited
properly. The rest of the modes have low MWC values. Mode
1 resonates at 6.5 GHz and has bandwidth ranging from 5.8
to 7.8 GHz (the bandwidth is determined according to the
criteria that MS ≥ 0.707). Mode 8 resonates around 8.9 GHz
and has bandwidth ranging from 7.7 to nearly 11.8 GHz. The
excitation of mode 8 alongwith fundamental modes (mode 1
and mode 2) is important because it exhibit broadband modal
significance. Moreover, the resonances of other modes fall
within the resonance domain (MS ≥ 0.707) of mode 1 and
mode 8. Therefore, we digress on the efforts needed to work
on the improvement of MWC of other modes and curtail
our focus on mode 1, mode 2, and mode 8. Thus, the modal
current patterns and radiation pattern of mode 1, 2, and 8
are shown in Fig. 8.

The conventional technique, as reported in many articles,
is the cutting of uniform slots from MTS unit cells. This
improves the impedance bandwidth but up to some extent. As
in case of Antenna-II uniform octagon slots, corresponding

FIGURE 8. Modal current patterns of (a) Mode 1, (b) Mode 2, and (c) Mode 8.
Radiation patterns of (d) Mode 1, (e) Mode 2, and (f) Mode 8.

FIGURE 9. CMA of Antenna-II. (a) Modal Significances. (b) Modal Weighting
Coefficients.

to EHL = λ0/6.8 (λ0 = 7.4 GHz), are loaded. The effect of
such slotted unit cells-based MTS is evaluated in terms of
MS and MWC values which is shown in Fig. 9. It can be
observed that MWC values of two more modes are improved
as compared with CMA of Antenna-I. This improvement
incorporated 7.4GHz in the bandwidth, as verified by |S11|
in Fig. 6. Although the bandwidth is improved, but it is not
desirable as the MWC of mode 8 is still low due to mismatch
between the slot dimension and mode’s resonance frequency.
Thus, resulting a narrowband antenna. A convenient method
to increase MWC value of mode 8 requires the surface
modification of MTS by loading the appropriate slots, that
will enhance the bandwidth resultantly.
In Antenna-III, the improvement in MWC values is

achieved by cutting the slots of different shapes and
dimensions from the unit cells, respective to the resonant
frequency of mode 8. The modal current patterns observed
in Fig. 8 (c) guide to build the theoretical foundation of
slotting geometries as proposed in Fig. 1. Fig. 8(c) reveals
that the modal current patterns of mode 8 are stronger at
the marginal patches. Hence, for improving the MWC of
mode 8, the appropriate radiating edges in accordance with
the mode’s resonance band (where MS ≥ 0.707) should
be provided at the marginal patches. For this purpose, star,
circular and square-shaped slots are cut from the marginal
patches of MTS. Here, the optimized EHL value of λ0/8
for star, circular, and square shaped slots are cut from the
unit cells corresponding to λ0 at fo=8 GHz, fo=8.8 GHz,
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FIGURE 10. CMA of Antenna-III. (a) Modal Significances. (b) Modal Weighting
Coefficients.

fo=9.2 GHz, respectively. This makes WStr = 3.9mm, DCir
= 1.7mm, and WSqr = 0.5mm, respectively. Fig. 1 shows the
MTS structure corroborating the unit cells having optimized
slot dimensions respective to their frequencies. The CMA
response shown in Fig. 10 demonstrates that the non-uniform
slots resulted in improved mode coupling with source,
thereby improving the MWC value of mode 8. Thus, non-
uniform slots help to excite the resonant modes within the
MTS in much effective way as compared with a uniform
slot or no slot case. It should be noted here that this specific
arrangement is arrived at after extensive simulations (not
shown here for brevity) by studying modal currents of the
modes. Also, the shape of slots within the unit cells can be
selected according to the choice but their sizes should be
strictly in accordance with the EHL value of each respective
frequency, to get desired wide bandwidth. To summarise
the design analysis, slots with larger dimensions (octagon)
are loaded in the center to improve the 3-dB axial ratio
bandwidth for orthogonal modes 1 and 2, while slots with
other dimensions (star, square, circle) are added in the
periphery to help improve the coupling of mode 8. By the
help of L-shaped microstrip feedline, the proposed MTS
is radiated through an aperture coupled slot in the ground
plane. The L-shaped feedline structure is adopted to design
a modified feed structure of array configuration based on
the proposed design that will be discussed in Section VI.

C. CIRCULAR POLARIZATION
Apart from producing wider bandwidth, the non-uniform
metasurface antenna also results in wider 3dB axial ratio
bandwidth as compared with Antenna-I and Antenna-II
shown in Fig. 11.
To shed insight into this, the phenomenon of converting a

linearly polarized (LP) radiating wave from the ground slot
into a circularly polarized (CP) wave through designed MTS
is analyzed in this section. Due to the truncation of unit cells
in the designed MTS, the LP electric field wave after passing
through the MTS, is resolved into two components, i.e., �E1
and �E2, which are orthogonal to each other. In case of a
symmetric square-patch MTS as shown in Fig. 12 (a), the
impedances of both �E1 and �E2 will be same, i.e., Z1=Z2=Z
where degeneracy is inculcated between mode 1 and mode
2. The equivalent circuit model for such a symmetric square-
patch MTS is given in Fig. 12 (b). Incorporating the MTS

FIGURE 11. Axial ratio plots of three antennas.

FIGURE 12. Geometric configuration and equivalent circuit models of MTS. (a),
(b) Conventional MTS and it’s equivalent circuit. (c) Proposed MTS and its zoomed
view. (d) and (e) Equivalent circuits for impedances Z1 and Z2, seen by �E1 and �E2,
respectively.

with non-uniform slots and truncating the corners of the unit
cells diagonally as shown in Fig. 12(c), different impedances
will be produced by �E1 and �E2 which are given as [12]:

Z1 = R1 + jwL1 + 1/jwC1 (1)

Z2 = R2 + jwL2 + 1/jwC2 (2)

where C is capacitance formed by E-fields across the gap
between the unit cells, L is the inductance formed by the
current flowing on the patches, R is the resistance of the
unit cells [12]. The equivalent circuit models for Z1 and Z2
are given in Fig. 12 (d) and (e), respectively. The impedance
Z1 is associated with the slot-loaded MTS unit cells without
truncated corners. For this case, the imaginary part X1
becomes less inductive. This is because the removal of
conductor area from unit cells decreases inductance from L
to L1. While, for the case of slot-loaded unit cells along with
truncated corners, capacitance C2 reduced. Consequently, X2
will become larger than X1 according to the relations (5) and
(6). Since, the reactance of Z2 is greater than Z1, E2 will
lead �E1 by �E2 - �E1. The proposed MTS is designed such that
|Z1|=|Z2| and ∠Z2− ∠Z1 = 90o, so the resultant electric
fields are circularly polarized. Linking this analysis with
3-dB axial ratio comparison, the results shown in Fig. 12
reveals that for Antenna-I, the difference between X2 and X1
is less compared to that with Antenna-III. Hence, Z2 is not
so greater than Z1 providing ∠Z2− ∠Z1 �= 90o. The 3-dB
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FIGURE 13. Fabricated prototype of the proposed non-uniform MTS-based antenna.

FIGURE 14. Simulated and Measured results of the proposed MTS antenna.
(a) S-parameters. (b) Gain and Axial ratio.

axial ratio results of Antenna-II did not improve due to the
narrowness of resonance bands, as shown in Fig. 9 (a).

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS
The proposed non-uniform metasurface-based antenna is
designed, fabricated, and measured. The fabricated prototype
is shown in Fig. 13. The measured and simulated results
of the prototype are depicted in Fig. 14. As shown in
Fig. 14 (a), the measured impedance bandwidth for |S11| ≤
−10 is 48.74%. Fig. 14 (b) reveals that the measured 3 dB
axial ratio bandwidth is 19.92%. And the measured peak
gain of 9.35 dBi is observed at 7.33 GHz. Fig. 15. (a) and
(b) show the measured and simulated radiation patterns for
both E- and H-planes at 6 GHz and 7.33 GHz, respectively.
The results reveal that the antenna produces symmetric and
stable broadside radiation patterns.

V. ARRAY DESIGN AND RESULTS
Based on the proposed metasurface antenna element, a 2 x 2
antenna array is designed and analyzed experimentally to
achieve further high gain and wide axial ratio bandwidth.
A modified sequential phase feed (SPF) network based on
L-shaped feed is designed and used to excite 2 x 2 array
elements. The SPF network act as a quarter wavelength
transformer, which was specifically designed to achieve
impedance matching between input and outputs by distribut-
ing the signal from input (microstrip-line) to four outputs
having the phases of 0◦, 90◦, 180◦, 270◦ [21]. In the design
procedure, four elements of the proposed metasurface are
placed in a sequentially rotated arrangement, so that they can
be properly incorporated into the SPF network to achieve

FIGURE 15. Simulated and measured radiation patterns of the proposed
MTS-antenna in E-/H-Planes at (a) 6 GHz and (b) 7.33 GHz.

FIGURE 16. Configuration of 2 x 2 array model. (a) Front-view. (b) Back-view.
(c) Front-view of a fabricated model. (d) Back-view of a fabricated model. (Warray =
83mm, S = 3mm, R = 3.5mm, wf = w1= 1.81mm, w2 = w4= 0.4mm, w3 = 1.1mm, w5 =
0.74mm, w6=w8= 1mm, w7= 0.376mm, L=11.7mm).

the required wide axial ratio bandwidth performance. The
optimized center-to-center space ‘S’ of 3mm was selected to
achieve improved radiation patterns with low side lob levels.
The designed array and its fabricated prototype are shown
in Fig. 16.
Fig. 17 shows the measured and simulated results of

impedance bandwidth, 3 dB axial ratio bandwidth, and gain
of the array configuration. The results reveal that for the
impedance bandwidth of 4.50-9.58 GHz (71.74%), the array
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TABLE 1. Performance comparison of single element MTS-based antennas.

FIGURE 17. Simulated and measured results of the antenna array. (a) S-parameters.
(b) Gain and axial ratio.

FIGURE 18. Simulated and measured radiation patterns of the proposed MTS-array
antenna in E-/H-Planes at (a) 5 GHz, (b) 6 GHz, (c) 7 GHz, (d) 8 GHz.

produced wide AR bandwidth of 61.75% (4.50-8.52 GHz)
with a peak gain of 14.45 dBi. Fig. 18. depicts both simulated
and measured radiation patterns at different frequencies of
5 GHz, 6 GHz, 7 GHz, and 8 GHz. The designed array
produced stable radiation patterns with circularly polarized
radiations. Table 1 provides a detailed comparison of the

proposed antenna with other MTS-based antenna designs.
The comparison reveals that the proposed antenna is circular
polarized, compact, low profile, with wide bandwidth, and
high gain over the CP band.

VI. CONCLUSION
In this work, an MTS-based low-profile, wideband, high
gain, and circularly polarized antenna is presented. The wide
bandwidth is obtained through improved mode coupling
using nonuniform slots. Thus, for fixed feed location
surface modification through slots provides extra degree
of freedom to obtain wider bandwidth. The antenna is
verified through fabrication and measured results show good
agreement with the simulated ones. Furthermore, a 2 x 2
MTS-array is designed and validated resulting in higher
peak gain and wider 3 dB axial ratio bandwidth. The
improved performance matrices of the proposed antenna and
it array configuration distinguish them from similar antennas
reported in the literature. These antennas find good use in
modern wireless communication systems, such as WiMAX,
long-range tracking, and C-band applications.

REFERENCES
[1] C.-L. Mak, H. Wong, and K.-L. Luk, “High-gain and wideband single

layer patch antenna for wireless communications,” IEEE Trans. Veh.
Technol., vol. 54, no. 1, pp. 33–40, Jan. 2005.

[2] E. Nishiyama and M. Aikawa, “Wide-band and high-gain microstrip
antenna with thick parasitic patch substrate,” in Proc. IEEE Antennas
Propag. Soc. Int. Symp., 2004, pp. 273–276.

[3] K. M. Luk, C. L. Mak, Y. L. Chow, and K. F. Lee,
“Broadband microstrip patch antenna,” Electron. Lett., vol. 34, no. 15,
pp. 1442–1443, Jul. 1998.

[4] S. X. Ta and I. Park, “Low-profile broadband circularly polarized patch
antenna using metasurface,” IEEE Trans. Antennas Propag., vol. 63,
no. 12, pp. 5929–5934, Dec. 2015, doi: 10.1109/TAP.2015.2487993.

[5] T. T. Le, H. H. Tran, and A. A. Althuwayb, “Wideband cir-
cularly polarized antenna based on a non-uniform metasurface,”
Appl. Sci., vol. 10, no. 23, p. 8652, 2020. [Online]. Available:
https://doi.org/10.3390/app10238652

[6] N. Supreeyatitikul, T. Lertwiriyaprapa, and C. Phongcharoenpanich,
“S-shaped metasurface-based wideband circularly polarized
patch antenna for C-band applications,” IEEE Access, vol. 9,
pp. 23944–23955, 2021, doi: 10.1109/ACCESS.2021.3056485.

[7] C. H. S. Nkimbeng, H. Wang, and I. Park, “Low-profile wide-
band unidirectional circularly polarized metasurface-based bowtie
slot antenna,” IEEE Access, vol. 9, pp. 134743–134752, 2021,
doi: 10.1109/ACCESS.2021.3116714.

[8] W. Cao, X. Lv, Q. Wang, Y. Zhao, and X. Yang, “Wideband circularly
polarized Fabry–Perot resonator antenna in Ku-band,” IEEE Antennas
Wireless Propag. Lett., vol. 18, no. 4, pp. 586–590, Apr. 2019.

[9] P. Xie, G. Wang, X. Zou, and B. Zong, “Gain and AR improvements
of the wideband circularly polarized Fabry–Perot resonator antenna,”
IEEE Trans. Antennas Propag., vol. 69, no. 10, pp. 6965–6970,
Oct. 2021, doi: 10.1109/TAP.2021.3076573.

[10] C. Zhao and C.-F. Wang, “Characteristic mode design of
wide band circularly polarized patch antenna consisting of H-
shaped unit cells,” IEEE Access, vol. 6, pp. 25292–25299, 2018,
doi: 10.1109/ACCESS.2018.2828878.

[11] J. Dong, C. Ding, and J. Mo, “A low-profile wideband linear-
to-circular polarization conversion slot antenna using metasurface”
Materials, vol. 13, no. 5, p. 1164, 2020. [Online]. Available:
https://doi.org/10.3390/ma13051164

[12] C. Ni, M. S. Chen, Z. X. Zhang, and X. L. Wu, “Design of frequency-
and polarization-reconfigurable antenna based on the polarization
conversion metasurface,” IEEE Antennas Wireless Propag. Lett.,
vol. 17, pp. 78–81, 2018, doi: 10.1109/LAWP.2017.2775444.

http://dx.doi.org/10.1109/TAP.2015.2487993
http://dx.doi.org/10.1109/ACCESS.2021.3056485
http://dx.doi.org/10.1109/ACCESS.2021.3116714
http://dx.doi.org/10.1109/TAP.2021.3076573
http://dx.doi.org/10.1109/ACCESS.2018.2828878
http://dx.doi.org/10.1109/LAWP.2017.2775444


1439 IEEE OPEN JOURNAL OF ANTENNAS AND PROPAGATION, VOL. 5, NO. 6, DECEMBER 2024

[13] F. H. Lin and Z. N. Chen, “Low-profile wideband metasur-
face antennas using characteristic mode analysis,” IEEE Trans.
Antennas Propag., vol. 65, no. 4, pp. 1706–1713, Apr. 2017,
doi: 10.1109/TAP.2017.2671036.

[14] D. Chen, W. Yang, W. Che, and Q. Xue, “Broadband stable-gain
multiresonance antenna using nonperiodic square-ring metasurface,”
IEEE Antennas Wireless Propag. Lett., vol. 18, pp. 1537–1541, 2019,
doi: 10.1109/LAWP.2019.2919692.

[15] A. E. Yousfi, A. Lamkaddem, K. A. Abdalmalak, and
D. Segovia-Vargas, “A broadband circularly-polarized single-layer
metasurface antenna using characteristic mode analysis,” IEEE Trans.
Antennas Propag., vol. 71, no. 4, pp. 3114–3122, Apr. 2023,
doi: 10.1109/TAP.2023.3239104.

[16] D. Sievenpiper, L. Zhang, R. F. J. Broas, N. G. Alexopolous, and
E. Yablonovitch, “High-impedance electromagnetic surfaces with a
forbidden frequency band,” IEEE Trans. Microw. Theory Techn.,
vol. 47, no. 11, pp. 2059–2074, Nov. 1999, doi: 10.1109/22.798001.

[17] M. Vogel, G. Gampala, D. Ludick, U. Jakobus, and C. J. Reddy,
“Characteristic mode analysis: Putting physics back into simulation,”
IEEE Antennas Propag. Mag., vol. 57, no. 2, pp. 307–317, Apr. 2015,
doi: 10.1109/MAP.2015.2414670.

[18] D. Fazal and Q. U. Khan, “Dual-band dual-polarized patch
antenna using characteristic mode analysis,” IEEE Trans.
Antennas Propag., vol. 70, no. 3, pp. 2271–2276, Mar. 2022,
doi: 10.1109/TAP.2021.3111341.

[19] Y. Chen and C.-F. Wang, Charasteristic Modes: Theory and
Applications in Antenna Engineering. Hoboken, NJ, USA: Wiley-
IEEE, 2015.

[20] S. X. Ta and I. Park, “Compact wideband circularly
polarized patch antenna array using metasurface,” IEEE
Antennas Wireless Propag. Lett., vol. 16, pp. 1932–1936, 2017,
doi: 10.1109/LAWP.2017.2689161.

[21] S. Wang, H. Hao, X. Ma, H. Cheng, and X. Huang,
“Wideband circularly polarized array antenna based on sequen-
tial phase feeding metasurfaces for 5G (sub-6G) applications,” J.
Electromagnet. Waves Appl., vol. 37, no. 1, pp. 15–24, 2022,
doi: 10.1080/09205071.2022.2110948.

[22] N. Supreeyatitikul, D. Torrungrueng, and C. Phongcharoenpanich,
“Quadri-cluster broadband circularly-polarized sequentially-rotated
metasurface-based antenna array for C-band satellite com-
munications,” IEEE Access, vol. 9, pp. 67015–67027, 2021,
doi: 10.1109/ACCESS.2021.3075994.

[23] S. X. Ta and I. Park, “Planar wideband circularly polar-
ized metasurface-based antenna array,” J. Electromagnet. Waves
Appl., vol. 30, no. 12, pp. 1620–1630, 2016. [Online]. Available:
https://doi.org/10.1080/09205071.2016.1210038

[24] F. A. Dicandia and S. Genovesi, “Characteristic modes anal-
ysis of non-uniform metasurface superstrate for nanosatellite
antenna design,” IEEE Access, vol. 8, pp. 176050–176061, 2020,
doi: 10.1109/ACCESS.2020.3027251.

[25] Q. U. Khan, D. Fazal, and M. Bin Ihsan, “Use of slots to improve
performance of patch in terms of gain and Sidelobes reduction,”
IEEE Antennas Wireless Propag. Lett., vol. 14, pp. 422–425, 2015,
doi: 10.1109/LAWP.2014.2365588.

[26] H. Alroughani and D. A. McNamara, “The shape synthesis of
dielectric resonator antennas,” IEEE Trans. Antennas Propag., vol. 68,
no. 8, pp. 5766–5777, Aug. 2020, doi: 10.1109/TAP.2020.2988984.

KOMAL IQBAL received the B.S. degree in
electronics engineering from the University of
Engineering and Technology, Taxila, Pakistan,
in 2018, and the master’s degree in electrical
engineering from the College of Electrical and
Mechanical Engineering, CEME, NUST, Pakistan,
in 2023. She is currently pursuing the Ph.D.
degree in terahertz communications, electrical
engineering with the University of Adelaide, SA,
Australia. Her research interest includes wire-
less communication, metasurface-based antenna

designing, terahertz antennas, and communication frontends in terahertz.
She was a recipient “Scotland Pakistan Scholarships for Young Women and
Girls, Master’s/M.phil.”

QASIM UMAR KHAN (Member, IEEE) received the
B.E. and M.S. degrees in computer systems and
electrical engineering from the College of EME,
National University of Sciences and Technology
(NUST), Pakistan, in 2009 and 2011, respectively,
and the Ph.D. degree in electrical engineering
from NUST, where he is currently serving as an
Associate Professor. He has worked on antenna
projects, including MIMO antenna design for mil-
limeter wave applications shared aperture antenna
for sub 6 GHz and millimeter wave applications.

He is currently working on high gain wideband circularly polarized
metasurface-based antenna and a low-cost wide-angle beam scanning SIW
leaky wave metasurface based antenna. He has published over 50 articles
in many reputed journals and conference. His research interests include
digital communication and digital signal processing, planar antenna designs,
microwave devices, metasurfaces-based antennas, and leaky wave antennas.
He was awarded with best teacher and best community service awards. He
was also recipient of the undergraduate scholarship of his university.

ZUBAIR AHMED received the B.Sc. and M.Sc.
degrees in electrical engineering from the National
University of Sciences and Technology (NUST),
Pakistan, in 2003 and 2008, respectively, and the
Ph.D. degree in electrical engineering from the
Capital University of Science and Technology,
Pakistan, in 2021. He joined the Department
of Electrical Engineering, College of Electrical
and Mechanical Engineering, NUST in 2010. He
is a Senior Member of Microwave Engineering
Research Laboratory. His current research interest

includes high gain patch antennas, transmit and reflectarray antennas,
multibeam antennas, filtering antennas, and integrated RF front ends.

http://dx.doi.org/10.1109/TAP.2017.2671036
http://dx.doi.org/10.1109/LAWP.2019.2919692
http://dx.doi.org/10.1109/TAP.2023.3239104
http://dx.doi.org/10.1109/22.798001
http://dx.doi.org/10.1109/MAP.2015.2414670
http://dx.doi.org/10.1109/TAP.2021.3111341
http://dx.doi.org/10.1109/LAWP.2017.2689161
http://dx.doi.org/10.1080/09205071.2022.2110948
http://dx.doi.org/10.1109/ACCESS.2021.3075994
http://dx.doi.org/10.1109/ACCESS.2020.3027251
http://dx.doi.org/10.1109/LAWP.2014.2365588
http://dx.doi.org/10.1109/TAP.2020.2988984


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Helvetica-Condensed-Bold
    /Helvetica-LightOblique
    /HelveticaNeue-Bold
    /HelveticaNeue-BoldItalic
    /HelveticaNeue-Condensed
    /HelveticaNeue-CondensedObl
    /HelveticaNeue-Italic
    /HelveticaNeueLightcon-LightCond
    /HelveticaNeue-MediumCond
    /HelveticaNeue-MediumCondObl
    /HelveticaNeue-Roman
    /HelveticaNeue-ThinCond
    /Helvetica-Oblique
    /HelvetisADF-Bold
    /HelvetisADF-BoldItalic
    /HelvetisADFCd-Bold
    /HelvetisADFCd-BoldItalic
    /HelvetisADFCd-Italic
    /HelvetisADFCd-Regular
    /HelvetisADFEx-Bold
    /HelvetisADFEx-BoldItalic
    /HelvetisADFEx-Italic
    /HelvetisADFEx-Regular
    /HelvetisADF-Italic
    /HelvetisADF-Regular
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


