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ABSTRACT This paper presents the design of a right-hand circularly polarized (RHCP) microstrip antenna
loaded with metamaterial to achieve high-gain performance. The metamaterial (MTM), a 5 x 5 array of
unit cells with a negative refractive index, is designed on one-sided FR4 dielectric material with dimensions
0.7940 x 0.7919 x 0.023X1(, where Aq is the free-space wavelength at 8.76 GHz. Both the antenna and the
unit cells are designed on an FR4 substrate with a loss tangent of 0.02 and relative permittivity of 4.4. The
antenna and MTM maintain the same area, with an air gap of 1 mm between them. The overall structure
achieves a gain of 8.1 dBic at 9.5 GHz with stacking, compared to 4.4 dBic without the MTM stacking. The
measured bandwidth of the proposed antenna is 1.98 GHz (8.76-10.74 GHz), which falls within the lower
X-band, making it suitable for both military and maritime radar applications.

INDEX TERMS Microstrip antenna, RHCP, stacking, circuit analysis, metamaterial.

I. INTRODUCTION

In recent years, there has been a significant increase in
research aimed at integrating metamaterials into microstrip
antennas. This integration seeks to enhance key parameters
such as gain, bandwidth, and directivity, thereby improv-
ing overall radiation performance. By leveraging the unique
refractive index properties of metamaterials, which can range
from near-zero to negative values, researchers have success-
fully engineered microstrip antennas to efficiently transmit
electromagnetic waves within specific frequency bands in
a desired direction, resulting in increased antenna gain [1].
This is achieved by leveraging the phenomenon of a negative
refractive index, which causes waves to converge at a focal
point along the axial direction, similar to how a convex
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lens focuses a light beam. By engineering the properties of
the metasurface (MS), researchers can precisely customize
the focal point and manipulate the radiation pattern of the
microstrip antenna. This enables significant improvements
in radiation characteristics, creating new opportunities for
their use in various communication and sensing applications.
Due to this distinctive feature, researchers have integrated
metasurfaces (MS) into microstrip antennas to achieve vari-
ous objectives, including enhancing antenna gain, improving
MIMO isolation, reducing radar cross-section, enabling elec-
tromagnetic cloaking, and serving as microwave-absorbing
materials [1], [2], [3], [4], [5], [6]. In [7], a zero-refractive-
index metasurface was proposed to enhance the gain and
bandwidth of a microstrip antenna designed for 5G base
stations. In [8], the applicability of metasurfaces (MS) as
electromagnetic cloaks has been discussed, while [9] imple-
mented a transmission line approach to achieve cloaking
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using an inductor-capacitor setup connected to a microwave
system. Similarly, [10] introduced a MIMO antenna based on
MS with a quasi-omnidirectional radiation pattern, designed
to achieve high isolation and enhanced gain. For applications
involving higher frequencies, particularly those exceeding
10 GHz, the use of circularly polarized antennas becomes
essential. In this context, [11] has proposed a circularly
polarized antenna that operates within an ultra-wideband fre-
quency range of 7.55 to 20.75 GHz and exhibits high gain.

In this paper, we present a compact right-hand circularly
polarized (RHCP) microstrip antenna loaded with a meta-
material (MTM) exhibiting a negative refractive index. The
MTM consists of a 5 x 5 array of unit cells positioned above
the radiating patch to enhance both gain and bandwidth.

Il. DESIGN OF THE METAMATERIAL LOADED ANTENNA
To initiate the design of a metamaterial-loaded RHCP antenna
in X-band applications, a structured approach has been
followed. First, an appropriate antenna structure has been
selected, such as a patch or microstrip antenna, optimized
for the X-band (8-12 GHz) range. Next, a metamaterial unit
cell was designed, and key properties-such as permeability,
permittivity, refractive index, and impedance were analyzed
to ensure the unit cell functions as a metamaterial. Common
structures, such as split-ring resonators (SRRs) or electrical-
LCR resonators, are typically used because their refractive
indices are either negative or near negative. This character-
istic helps focus the radiated energy, thereby enhancing the
gain and directivity of the antenna.

The periodic boundary conditions simulate an infinite
array, while a plane wave source (Floquet Port) is used to
excite the unit cell. An array of unit cell (MTM) layers is
positioned as a superstrate, typically placed approximately
one-quarter wavelength above the antenna. This spacing
promotes constructive interference in the X-band, thereby
enhancing gain and shaping the radiation pattern. Through
full-wave simulations, parameters such as the unit cell size,
spacing, and the distance between the metamaterial layer
are optimized to maximize gain. The following sections pro-
vide a comprehensive, step-by-step overview of the antenna’s
design process.

A. DESIGN OF UNIT CELL

Fig. 1(a) and (b) show the top and bottom views of a unit
cell’s structure. The unit cell has dimensions of 5 mm x
5Smm x 0.8 mm and is etched on a single-sided FR4 material.
Fig. 1 also illustrates all the optimized dimensions of the unit
cell. In this design, a slot is cut at the upper left corner of
the rectangular ring, which functions as a ring resonator, and
a metallic rectangular strip is placed within the ring. As a
result, the overall structure exhibits a negative refractive index
response. The scattering parameters |S| (9-10.4 GHz) and
|S21] of the unit cell are illustrated in Fig. 1(c). In Fig. 1(d)
shows Floquet port set up with master and slave boundary
conditions. The design and behavior of the unit cell have
been analyzed using periodic boundary conditions, which
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simulate an infinitely repeating array by replicating a single
cell across the simulation boundaries. This setup allows for
efficient modelling of the MTM without the computational
demands of a full array. In this configuration, plane waves
are employed as the excitation source, impinging uniformly
upon the unit cell. This choice of excitation is ideal for
examining far-field effects and provides insight into how the
metamaterial (MTM) interacts with an incoming wave over
a broad area, simulating real-world applications more accu-
rately. The properties of the individual unit cells are examined
using periodic boundary conditions, and the ANSYS HFSS
tool that determine the |S11| and |S1| parameters. Iterative
optimization in simulation software has been employed to
fine-tune these parameters, ensuring strong resonance and
high negative refractive index precisely within the 8-12 GHz
range.The |S11| and |S>1| parameters of the individual unit
cell are examined using periodic boundary conditions and
the ANSYS HFSS tool. Subsequently, the permittivity, per-
meability, refractive index, and impedance parameters are
determined using equations (1)-(4) [12], which are based on
the given scattering parameters. These equations are imple-
mented using MATLAB code and are depicted in Fig. 2.
In Fig. 2(a) and Fig. 2(b), the real and imaginary components
of the permittivity and permeability parameters of the unit cell
are shown. Similarly, the real and imaginary components of
the impedance and refractive index parameters are shown in
Fig. 2(c) and (d), respectively. The real part of the refractive
index exhibits a negative value within the frequency range
of 8 GHz to 12 GHz, making the unit cell suitable for use
as a metamaterial within this range. Furthermore, since both
the permittivity and permeability have negative real values
within this frequency range, the metamaterial is classified as
a double-negative (DNG) metamaterial.

\/(1 + 811)% — S22

= nH
(1 —S11)% — 8212

b1 2 2
n = —cos 5 (1 — 8117+ S21 ) )
Meff =N %2 3)

n

Eoff = — 4
eff z 4

where, €. = effective permittivity, u.; = effective perme-
ability, z = impedance, and n = refractive index of unit cell.

B. DESIGN OF MICROSTRIP ANTENNA

The radiating patch consists of a rectangular element with
dimensions of 14.4 mm x 3 mm, attached to a semicir-
cular arc with two circular slots positioned on either side
of the center point of the antenna structure. The circular
slots have a radius of 0.7 mm and are positioned along
the y-axis, with each slot located 7.2 mm from the center
point (0,0) of antenna structure. The antenna is designed
on an FR4 dielectric material with overall dimensions of
27 mm x 27 mm x 1.6 mm. The top and bottom views of
the fabricated conventional and proposed antenna prototypes,
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FIGURE 1. The unit cell design of MTM (a) Top view of the unit cell

(b) Bottom view of the unit cell (c) |S;;| and |S;; | response of unit cell
(d) 3D view of the simulated unit cell. (ML1 = 2.5 mm, ML2 = 0.5 mm,
ML3 = 4 mm, ML4 = 1.5 mm, ML5 = 0.5 mm, MW1 = 2 mm,

MW?2 = 1.5 mm, MW3 = 3 mm).
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FIGURE 2. Parameters of the unit cell (a) Effective real and imaginary part
of permittivity. (b) The real and imaginary part of permeability. (c) Real
and imaginary part of impedance. (b) The real and imaginary parts of the
refractive index.

along with their respective dimensions, are shown in Fig. 3.
Correspondingly, Fig. 4 illustrates the measurement set-up
in the lab used for obtaining the |S11| parameters. Similarly,
Fig. 5 presents the simulated and measured values of gain
and |S11| parameters for the conventional microstrip antenna.
In the simulation, the |Sj;| parameter exhibits a maximum
depth of —30 dB at 9.75 GHz, with a bandwidth of 1.5 GHz
(9.11-10.6 GHz), and achieves a maximum gain of 6.1 dBic
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FR4, Thickness =
0.8mm

FIGURE 3. Antenna design with its dimensions (a) Top view (b) Bottom
part (c) 3D view of proposed antenna prototype. (W = 3 mm,

Ly =144mm, Ly =3 mm,P=25mm,Q=1mm,R =12 mm,

S = 1.5 mm).

FIGURE 4. Measurement set up in the Lab of |S;;| parameter of
conventional microstrip antenna.

at 9.56 GHz. In comparison, the measured bandwidth is
1.7 GHz (8.76-10.47 GHz), with a maximum gain of 4.4 dBic
observed at 9.5 GHz.

C. DESIGN OF FINAL ANTENNA PROTOTYPE

The overall antenna structure comprises a microstrip antenna
and the MTM, which includes a 5 x 5 array of unit cells. Both
the individual unit cells in the MTM and the underlying planar
antenna are designed according to the specifications outlined
in the previous subsections. A 3D view of the proposed
antenna, including its dimensions, is presented in Fig. 3(c),
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TABLE 1. Components of circuit-1 and circuit-2.

Components Cq Ly Cs Lo Ry Cs Cy Ls R Cx (fF) Cy (fF)
(fF) (nH) (fF) (pH) (Ohm) | (fF) (fF) (pH) (Ohm)
Circuit-1 61.57 43 857.29 | 444.0 109.41 428.45 126.7 362.24 | 167.39 49261.4 48110.3
Circuit-2 61.66 43 857.46 | 441.88 108.88 425.99 | 155.06 | 344.17 159.49 - -

0 T T 10 separated from the upper edge by 0.5 mm. After designing the
proposed antenna, we developed its equivalent circuit model.
-5 The equivalent circuit of the proposed prototype is shown in
i5 Fig. 7, consisting of different combinations of L, R, and C
m-10} =y elements. The series combination of L; and C; represent the
=, m microstrip feed line of the patch antenna. Next, the microstrip
7?41 5t 10 =, patch is modelled as a parallel combination of L, C>, and R .
v ) = Similarly, the MTM is represented by another tank circuit,
20 —Slmu\S 1 1\ S modelled as parallel combination of L3, C4 and R;. The 1 mm
- - Mea\ S ‘ 1.5 air gap between the patch and the MTM is represented by the
25t . 1_1 capacitance C3, which is sandwiched between the equivalent
—Simu GE}m circuits of the antenna and the MTM. In this circuit, Ry and
30— Mea Gain 10 R, represent the radiation resistances of the antenna and the
8 11 MTM, respectively [13], [14]. The generation of circular

9 10
Frequency [GHz]

FIGURE 5. Simulated and measured |S;;| and Gain parameters of
conventional microstrip antenna. Meas. bandwidth from 8.76 GHz to
10.47 GHz, and having max. gain is 4.45 dBic at 5.53 GHz. Simu.
bandwidth from 9.11 GHz to 10.6 GHz, and having max. gain is 6.1 dBic at
5.56 GHz. (antenna without meta surface).
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FIGURE 6. Fabricated antenna prototype (a) Top view (b) Side view
(c) Back view.

while the views of the fabricated version are shown in Fig. 6.
To maximize the gain, the spacing between the MTM and the
planar antenna was adjusted, with an air gap of 1 mm found
to provide optimal performance for the proposed antenna.
As illustrated in Fig. 3(c), the distance between the rightmost
column of the unit cells on the MTM and its right-side
edge is 1.5 mm (denoted by S in Fig. 3(c)). Additionally,
the lowermost row of the MTM is separated from its lower
edge by 2.5 mm, while the uppermost row of unit cell is
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polarization (CP) in this design primarily originates from
the patch antenna, which consists of a semicircular element
combined with a rectangular element. This configuration is
responsible for producing circular polarization. Additionally,
two circular slots are cut into the patch antenna to achieve
the desired frequency band. In some cases, electromagnetic
waves radiated by the patch antenna are converted from linear
polarization (LP) to circular polarization (CP) by the MTM,
or the MTM enhances the CP characteristics. These char-
acteristics typically depend on the shape and dimensions of
the MTM. However, in this design, the MTM neither creates
circular polarization nor enhances CP characteristics. The CP
is solely generated by the patch antenna design, while the
MTM serves to converge the radiation from the antenna and
enhance the gain.

The coupling capacitors Cx and Cy represent the capaci-
tances between adjacent unit cells along the X- and Y-axes,
respectively. The capacitance resulting from the gap in the
rectangular ring of the unit cell is denoted by Cgqp = Ca,
as shown in Fig. 7. All three of these capacitors, as shown
in Fig. 8, are replaced by a single equivalent capacitor, Cy.
When we simulate the S1; parameter of both the equivalent
circuit model and the simplified equivalent circuit model, the
results are all most same. This justifies that these capacitors
Cx, Cy, and Cggp are replaced by C4 without any alter-
ation in the result. After designing the simplified equivalent
circuit model, we solved it using circuit theory, obtaining
equations (6), (7), and (9), which represent the equivalent
impedance of the first tank circuit, the coupling capacitor,
and the second tank circuit. Finally, the input impedance is
expressed in terms of the parallel combination of Z;, Z,, and
Z3, in series with C1 andLy, as given in equation (10). Fig. 9
presents the measured and simulated gain, along with the
S11 parameters, including the circuit’s response to Sij. The

VOLUME 13, 2025



M. K. Shrivastava et al.: Metamaterial Loaded High Gain Low Profile RHCP Microstrip Antenna

IEEE Access

For Metamaterial

For microstrip feed line  For microstrip antenna

Feed

(a)

Coupling capacitor
between antenna and
Metamaterial

FIGURE 7. Equivalent circuit diagram of proposed prototype [Circuit-1].

measured maximum gain is 8.1 dBic, while the simulated
gain is 8.8 dBic at 9.5 GHz. The maximum dip in the |S11|
parameter is observed at —24 dB in the measurements, com-
pared to —22 dB in the simulations, with both dips occurring
at 9.8 GHz. The measured bandwidth of the proposed antenna
is 1.98 GHz (8.76-10.74 GHz), whereas the simulated band-
width is 1.7 GHz (8.8-10.5 GHz). Fig. 9, also includes
the Sy; responses of the equivalent circuit model and the
simplified equivalent circuit model. Both Sj; responses are
approximately the same. To facilitate a meaningful compar-
ison, all circuit elements were kept nearly identical between
the two models, except for the second tank circuit. All the
components of circuit-1 and circuit-2 are shown in Table-1.
Based on these Sy; results, it can be concluded that circuit-
1 can be effectively replaced by circuit-2. The second tank
circuit and capacitor C3 appear due to MTM loading in the
final antenna design prototype, as shown in Fig. 8. In con-
trast, if we construct the equivalent circuit of a conventional
antenna, no second tank circuit will be present. Thus, the
input impedance of a conventional antenna does not match
well with the output impedance of the measurement system.
However, when a second tank circuit is added to the equiv-
alent circuit model of the MTM-loaded antenna, it achieves
better impedance matching with the output impedance of the
measurement system. Therefore, the difference between the
measured and simulated gain is only 0.7 dBic for the MTM-
loaded antenna, whereas for the conventional antenna, the
difference between the measured and simulated gain values
is 1.7 dBic. All the important parameters related to the final
prototype are shown in Table 2.

1
Zi = —+JwCy + (5)
Ry

Jwly
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FIGURE 8. Simplified equivalent circuit diagram of proposed prototype
[Circuit-2].
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FIGURE 9. |Sq;[, and gain of the designed prototype antenna.

[A = Simulatd |S;;|, B = Measured |S;;|, C = |Sy;| response of Circuit-1,
D = |S;; | response of Circuit-2, E = Simulated gain of proposed antenna,
and F = Measured gain of proposed antenna.]

Ill. DISCUSSION OF MEASURED RESULTS

The designed antenna, integrated with metamaterial, was
fabricated using the photo-etching method. All relevant
parameters were measured in an anechoic chamber using a
KEYSIGHT N5224B PNA Microwave Network Analyzer,
as depicted in Fig. 4 and Fig. 11. The simulated, analytical
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TABLE 2. Some important parameters of the proposed antenna.

Results [S11] [dB] Bandwidth Max. Gain | AR< 3dB
[GHz] [dBic] [GHz]
Simulated -22/-17.6 8.8-10.5 8.8 8.9-10.4
Measured -24 8.76-10.74 8.1 9-10.4
Circuit-1 -20.1/-18.5 8.76-10.6 - 8.9-10.4
Circuit-2 -20/-18.3 8.76-10.6 - 8.9-10.4
3 L o
=)
| — 2 - -
je)
=
CU .
o ;| —Simulated ]
.g - -Measured
<C
O L o
8 9 10 11

Frequency [GHZz]

FIGURE 10. Simulated and Measured Axial ratio of designed antenna
prototype.

(using the equivalent circuit) models, and measured results
of the MTM-based antenna have been compared in terms
of axial ratio bandwidth, impedance bandwidth, and realized
gain, as summarized in Table 2. Fig. 9 shows the simulated
and measured values of the S1; and gain parameters. It also
includes the S7; parameter obtained through circuit anal-
ysis, which was achieved using Advanced Design System
(ADS) software. The maximum simulated gain is 8.8 dBic
at 9.5 GHz, while the measured gain is 8.1 dBic at the same
frequency.

Fig. 10 illustrates the measured and simulated values of the
axial ratio (AR) bandwidths for the prototype. It is observed
that the simulated and measured AR bandwidths range from
8.9 GHz to 10.48 GHz and from 9 GHz to 10.43 GHz,
respectively, which is slightly narrower than the impedance
bandwidth of 8.76-10.74 GHz. The measurement set-up for
the proposed prototype is shown in Fig. 11. Additionally,
Fig. 12 presents the 2D plots of the normalized radiation
patterns (in dB) of the prototype at frequencies of 9.08 GHz
and 10.18 GHz in the xz and yz planes, respectively. Notably,
the difference between RHCP and LHCP is at least 15 dB,
except for a few angles. The dominant radiation field is
RHCP, as observed in Fig. 12. In these radiation patterns, the
field exhibits maximal values within the upper half-plane of
the radiation pattern for both sampling frequencies.

One of the key parameters in antenna design is radia-
tion efficiency (R.p = Gain/Directivity), which is shown in
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FIGURE 11. Set up in the lab (a) measuring |S;; | parameter of the
designed prototype. (b) Measurement of Radiation pattern in the lab,

a calibrated Horn antenna acts as a receiver and designed prototype used
as a transmitter.

XZ-Plane Field YZ-Plane Field

0 0
30

210
180

Gain (LHCP) Simu Gain (RHCP) Simu
= = = G@Gain (LHCP)Meas — —= — Gain (RHCP)Meas

FIGURE 12. Simulated and measured 2-D radiation pattern of proposed
antenna in normal dB scale at sampling frequencies (a) 9.08 GHz and
(b) 10.18 GHz.

Fig. 13. The maximum simulated and measured efficiencies
are found to be 93.1% and 91.2%, respectively, at a frequency
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TABLE 3. Comparative study of the proposed antenna with some other high gain antennas.

Ref. Size of Antenna (multiple of \o) Bandwidth [GHz] Gain [dBic] Polarization

[15] 1.16 x 1.16 x 0.26 49-5.5 9.3 LP.

[16] 3.6 X 3.6 x 0.14 12.6-13.76 9.1 LP

[17] 3.1 x 3.1 x0.6 55.6-69.6 18.8 LP

[18] 22 x22x0.6 9.4-11.1 12 LP

[19] 0.9 x 0.9 x 0.29 9.24-11.25 7.57 LP

[20] 0.39 x 0.11 x 0.0014 0.88-0.97, 2.41-2.48, & 5.77-5.91 6 LP

[21] 0.99 x 0.99 x 0.09 2.9-4.5 9 CP

[22] 1.54 x 1.54 x 0.057 5.25-6.35 5.6 CP
This work 0.79 x 0.79 x 0.023 8.5-10.74 8.1 CP

100

Efficiency [%]
(0] (o]
o o

~
o

60 : :
8 9 10
Frequency [GHZz]

FIGURE 13. Simulated and measured radiation efficiency of proposed
antenna.

of 10 GHz. Minor variations during fabrication, such as
slight misalignments or deviations in unit cell dimensions,
can influence the resonant behaviour of the metamaterial.
These variations may impact both the gain (efficiency) and
frequency response when compared to the idealized simula-
tion results. Additionally, experimental testing in an anechoic
chamber can introduce reflections or positioning inaccura-
cies, leading to slight variations in the measured results.
Surface roughness and additional losses in the metamaterial
layer or feed network may also attenuate signals more than
expected, contributing to discrepancies between the measured
and simulated results. A comparison of the performance
between the proposed antenna and several recently reported
works is presented in Table 3, based on parameters such as
size, bandwidth, gain, and polarization. As shown in Table 3,
the integration of a metamaterial layer as a superstrate above
the antenna significantly boosts gain without necessitating
a larger antenna aperture [15], [16], [17], [18], [19], [20],
[21], [22]. Certainly, papers such as [15], [16], [17], [18],
and [21] report higher gains than the proposed antenna, but
their profile sizes are larger. There is a trade-off between the
size and gain of the antenna, and in this prototype, an optimal

VOLUME 13, 2025

gain has been achieved for a smaller size compared to the
antennas discussed in Table 3.

However, our metamaterial-loaded design improves RHCP
purity across the X-band frequency range, an area where
many conventional designs face challenges. Moreover, from
[15], [16], [17], [18], [19], and [20], it can be inferred that
most high-gain antennas are linearly polarized and have a
high profile, except for [20] (which has a lower gain). Only a
few designs, such as [20] and [21], are circularly polarized; of
these, [21] offers higher gain than our design but has a larger
profile size. Therefore, our designed antenna is an excellent
candidate for achieving high gain with a low profile

IV. CONCLUSION

A DNG MTM-loaded RHCP microstrip antenna has been
designed for gain enhancement. The antenna without MTM
has a bandwidth of 1.71 GHz (8.76-10.47 GHz), whereas
the antenna with MTM has a bandwidth of 1.98 GHz (8.76-
10.74 GHz), resulting in a fractional bandwidth of 20.3%.
It is observed that the maximum gain with MTM stacking is
8.1 dBic, whereas the maximum gain without MTM stacking
is 4.45 dBic. The measured 3 dB axial ratio bandwidth ranges
from 9 to 10.4 GHz, which is slightly less than the required
bandwidth of 8.76 to 10.74 GHz. The use of MTM results in a
gain enhancement of 3.7 dBic (from 4.4 dBic to 8.1 dBic) and
a bandwidth enhancement of 0.27 GHz (from 1.71 GHz to
1.98 GHz). This antenna is well-suited for radar applications
in both military and maritime domains.
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