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Abstract. This paper presents the design of a metamaterial
based dual band dual-polarized monopole antenna appli-
cable for wireless applications. A monopole antenna is
designed and loaded with a CRLH MTM inspired unit cell
on either side of the substrate to operate as a dual band
antenna with an improved impedance matching and cir-
cular polarization in one of the bands. The overall size of
the antenna is 24 mm x 17 mm x 1.6 mm, operating at
center frequencies of 3.5 GHz and 5.5 GHz. Measurements
were carried out and the impedance bandwidths obtained
in the two bands are 940 MHz (26.8%) and 490 MHz
(8.9%) with linear polarization in the first band and cir-
cular polarization with an axial ratio bandwidth of
150 MHz in the second band of operation. The obtained
peak gains of the antenna in the two bands are 4 dBi and
5.1 dBi respectively, with a considerable agreement be-
tween the simulated and measured results.
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1. Introduction

The development and use of metamaterials in the de-
sign of the antenna has widely increased in the recent
years. Metamaterials (MTMs) offer unusual properties
which are not present in the naturally available materials
and help in realizing antennas with an improved perfor-
mance on multiple facets. Some of these could be the reali-
zation of multiband, wideband, low profile and high gain
antennas [1]. With an ever-evolving wireless communica-
tion technology and miniaturization of the wireless oper-
ating gadgets, the need for the antennas capable of operat-
ing in multiple bands without losing their low-profile na-
ture [2—4] is of utmost priority. With proper loading of
metamaterial cells into the design of the conventional an-
tennas can address some of these requirements [5]. The
left-handed nature of the metamaterials helps in exhibiting
negative permeability and negative permittivity simultane-
ously, which are unusual with the existing right-handed
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materials. MTMs additionally showcase antiparallel phase
velocities and group velocities, negative refractive index
(NRI) and zero order resonance (ZOR) modes.

Composite right left-handed (CRLH) transmission
line metamaterial (TL-MTM) provide zeroth-order reso-
nance (ZOR) modes which are useful in designing minia-
turized multiband antennas. CRLH TL-MTM possess both
right and left-handed effect with a series and parallel com-
bination of capacitor and inductor providing the ZOR [6].
The ZOR frequency of the antenna is independent of its
physical size and hence can be used as an advantage in
miniaturization of the antenna. Several techniques have
been used to realize multiband antennas like reconfigura-
bility [7], [8] or by loading capacitive elements [9] but
increase the design complexity. CRLH MTMs are suitable
in realizing the multi band antennas using higher order
resonances but may offer less gain due to their small size.
However, high gain offering monopole antennas loaded
with the CRLH cells could serve the purpose.

The traditional monopole antenna with MTM loading,
introduces the second resonance in addition to the regular
monopole resonance are proposed [10], [11], operating at
2.4/5/5.2/5.8 GHz WLAN and 5.5 GHz for Wi-Fi applica-
tions. Antennas loaded with CRLH unit cell to achieve
dual band nature based on the ZOR for wireless applica-
tions are realized [12—15]. However, the aforementioned
antennas are slightly larger in volume. In [16], a single
feed dual band antenna loaded with mushroom like TL-
MTM structure with circuit analysis is presented. A 2 x 2
array formed by the unit cell elements is loaded to the
conventional microstrip patch antenna and a similar mush-
room unit cell loaded antenna with dual band nature and
dual modes is presented [17], yet the planar nature of the
antennas is lost due to the vias that are part of the mush-
room unit cells. A composite metamaterial inspired antenna
based on loading of inner split and outer closed-ring reso-
nators [18], for narrow first band and wider second opera-
tion is proposed. Similarly, for 2.4/5 GHz WLAN applica-
tions, a slot antenna with miniaturized size employing
a split-ring resonator (SRR) offering circular polarization
in one of the bands [19] has been published. The wideband
circularly polarized antenna based on polarization conver-
sion metasurface is presented in [20], [21] and a similar
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metasurface based wide-gain-bandwidth with meta surface
is reported in [22]. Several antennas based on the CRLH
resonant structures aimed at multiband operation are dis-
cussed [23-26].

In this paper, a simple and miniaturized dual band
monopole antenna incorporated with CRLH MTM inspired
unit cell, with circular polarization in one of the bands is
proposed. Initially a monopole antenna is designed to oper-
ate as a single band antenna, then with the loading of the
MTM inspired unit cell enables the antenna to work as
adual band antenna operating at 3.15-4.09 GHz and
5.35-5.84 GHz. The impedance bandwidths of the antenna
in two bands are 26.8% and 8.9% with the maximum peak
gains of 4 dBi and 5.1 dBi, respectively. The circular po-
larization is achieved in the second band with good radia-
tion efficiencies in both the bands. The circuit realization
and radiation properties of the antenna are also discussed.
The designed antenna is suitable and can be adapted for
3.5/5.5 GHz WiMAX and mid band 5G wireless applica-
tions.

2. Antenna Design

The design and configuration of the proposed planar
microstrip fed dual band antenna with the MTM unit cell is
shown in Fig. 1. The overall size of the antenna along with
its dimensions is mentioned in Tab. 1. The antenna design
comprises of a cost effective FR4 as substrate (permittivity
of 4.4 and loss tangent value 0.02) of height 1.6 mm and
an L-shaped patch fed from a microstrip line that induces
resonance at a frequency of 4.3 GHz. A metamaterial unit
cell is designed and loaded on either side of the FR4 substrate

w
() (b)
Fig. 1. Geometry and the configuration of the proposed
antenna: (a) Top view and (b) bottom view.
Parameter Value [mm] Parameter Value [mm]
L 24 W 17
L1 13 W1 7
L2 11.5 W2 2.5
L3 2 W3 5
L4 6 W4 4
L5 6 W5 1
L6 4 W6 0.5

Tab. 1. Optimized dimensions of the proposed antenna.

and is united with the ground on the ground side of the
antenna through a thin rectangular strip. A partial ground
plane is employed in the design to help in improving the
bandwidth of the antenna. With the loading of the MTM
unit cell, the antenna operates as a dual band resonant
antenna (S;;<—10 dB) with a wider first band and the reso-
nant frequencies 3.5 GHz and 5.5 GHz.

2.1 Design Stages of the Proposed Antenna

The evolutionary stages involved in the design of the
MTM inspired antenna are depicted in Fig. 2 (a) to (d).
The respective reflection coefficient and axial ratio plots of
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Fig. 2. Front and back view of the (a) Antenna 1, (b) Antenna 2,
(c) Antenna 3 and (d) Antenna 4.
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Fig. 3. Simulated design stage responses:

coefficient; (b) axial ratio.
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the aforementioned antenna configurations are shown in
Fig. 3(a) and (b). Initially an L shaped conventional patch
antenna is designed and fed by a microstrip line with
a partial ground plane, which resonates only in one fre-
quency band ranging from 4-4.64 GHz with a center fre-
quency of 4.3 GHz (as seen for Antennal in Fig. 3(a)).
A CRLH MTM-TL inspired unit cell is designed and is
etched only on the ground side of the antenna which
induces an additional band. Later unit cell is placed on
either side of the substrate, inducing a resonance band
near the first band along with the existing band from
5.16-5.64 GHz with center frequency of 5.4 GHz, due to
the additional series and shunt elements. A thin rectangular
strip is used to connect the ground with the unit cell en-
suring a good impedance matching and a wider first band
with a considerably large bandwidth from 3.15-4.09 GHz
due to the merging of two resonances and the rectangular
strip also ensures that the CP is achieved in the second
band with AR < 3 dB (see Antenna 3 in Fig. 3(b)).

2.2 Circuit Realization of the Antenna

The geometry of the antenna indicates that there is
a CRLH TL inspired unit cell loaded on either side of the
substrate. The unit cell and its effective equivalent circuit
are depicted in Fig. 4(a), and it is evident that there is
a series and parallel combination of inductor and capacitor.
The series capacitor Cy is provided by the gap between the
L shaped radiator and the unit cell, the rectangular ring
structure results in the series inductor Lg. A thin rectangu-
lar strip connected from the rectangular ring structure to
the virtual ground indicated in Fig. 4(a), forms the shunt
inductor L;. The shunt capacitor Cy is provided by the
solid rectangular patch etched on both the sides of the
substrate. The approximate overall equivalent circuit of the
proposed antenna including the main radiator and the unit
cells is as shown in Fig. 4(b). In the circuit diagram, the
first unit cell etched on top side of the substrate has a series
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Fig. 4. Circuit realization of (a) MTM unit cell, (b) MTM
loaded antenna.
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Fig. 5. Reflection coefficient responses of HFSS and circuit
simulation.

arm with the elements Ly;, C;; and shunt arm with the
elements Ly |, Cr;. The cell placed on the ground side of the
antenna has a series arm with inductance Ly, and shunt arm
with inductance L, and capacitance Cr,. The two-unit
cells are separated by the FR4 substrate acting as a dielec-
tric and forming a capacitance C;. The L shaped radiator
has an inductance of L; and a capacitance C; is set up by
the feed line and the partial ground plane.

Further, the lumped equivalent circuit represented in
Fig. 4(b) is simulated with the ADS software and the S;;
response is compared to the HFSS simulated result. The
obtained lumped element values are L;=1.775nH, C;=
1.15pF, Lg;=2.675nH, Cy;=0.92pF, L;;=1.525nH,
CRI =0.5 pF, C3 =0.54 pF, LR2: 0.9 nH, LL2: 0.69 IlH,
and Cgr;=1.91 pF. A comparison is drawn between the S;;
responses of HFSS simulation and circuit simulation re-
sults as depicted in Fig. 5 and a close match is observed
between them.

3. Results and Discussions

3.1 Reflection Coefficient

The overall volume of the proposed antenna is 24 mm
x 17 mm x 1.6 mm and its size in terms of A (the free space
wavelength that corresponds to the lowest resonance fre-
quency band's center frequency) is 0.3% x 0.2A x 0.01A.
Hence, the proposed antenna is of compact size with di-
mensions a lot less than that of the typical monopole an-
tenna operating at the same frequency. The designed an-
tenna has been fabricated and the prototype of the same is
as shown in Fig. 6(a). The antenna's S;; characteristics are
measured with a vector network analyzer and are illustrated
in Fig. 6(b). It is observed that a decent consistency is
maintained between the simulated and the measured re-
sults. It is observed from the S;; response of the antenna
that the lower band is wider band ranging from
3.15-4.09 GHz with an impedance bandwidth of 26.8%,
which is suitable for 3.5 GHz WiMAX, n77 and n78 sub-6
GHz 5G nr bands. The higher band is narrower with fre-
quency range 5.35-5.84 GHz and an impedance bandwidth
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Fig. 6. (a) Front and back view of the fabricated prototype.
(b) Simulated and measured reflection coefficients.

of 8.9% covering the 5.5 GHz WiMAX band. The antenna
being dual band, can be well adapted in the devices having
multiple applications.

3.2 Radiation Pattern

Figure 7 depicts the antenna's simulated and measured
radiation patterns. A good match between the results is
observed with the measured cross polarization levels
slightly higher than the simulated one and the lack of
smoothness in the measured results can be attributed to the
losses that were incurred during the fabrication and testing
of the proposed antenna. At 3.5 GHz, a monopole like
radiation pattern is generated with the peak along the posi-
tive z-direction. A radiation patterns observed at 5.6 GHz
frequency are slightly off due to the asymmetric feeding
and the nature of the patch, the distortions are due to the
antenna operating at higher order resonating modes. The
more detailed representation of the radiation caused by the
surface currents and the current flow of the proposed
antenna are shown in Fig. 9 and Fig. 10.

3.3 Polarization

This section discusses the polarization of the designed
antenna in two frequency bands. The axial ratio plot of the
antenna indicates that it is below 3 dB from 5.51 to
5.66 GHz as represented in Fig. 8. The CP of the antenna is
achieved from the proper loading of the MTM unit cell at
the ground side and adjusting the position of the thin rec-
tangular strip acting as an inductor. Initial L shaped mono-
pole antenna design helps in achieving the CP at a required
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Fig.7. The radiation patterns of the antenna in the plane:
(a) XZ at 3.5 GHz, (b) YZ at 3.5 GHz, (¢c) XZ and YZ
at 5.6 GHz.

frequency of operation. In the other band linear polariza-
tion of the antenna is observed. Hence, the antenna acts as
a dual polarized antenna with linear polarization in the first
band and circular polarization in the other.

The surface current distributions of the antenna are
illustrated in Fig. 9. At 3.5 GHz, the strong surface currents
are concentrated on the main L shaped radiator and on both
the thin rectangular strips that are part of the unit cells. It is
also observed that a strong current is passing through the
narrow strip connected between the unit cell and the
ground plane introducing an inductance. At 5.5 GHz, the
strong surface currents are present at the edges of the
L shaped radiator and at the strip connecting to the ground
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Fig.9. Surface current distributions of the antenna at
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Fig. 10. Vector current distributions of the antenna at 5.5 GHz
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Fig. 11. Simulated, measured gains and simulated efficiency of
the proposed antenna.

plane. The position of the narrow strip, part of the unit cell
is adjusted to achieve the circular polarization of the an-
tenna in the frequency band 5.51-5.66 GHz. The maximum
surface current density also exists on this narrow strip
representing the current flow through it and hence creating
an inductance. It is also observed from Fig. 10 that the
orthogonal currents with almost an equal magnitude flow-
ing in the opposite direction through the L shaped radiator
with a phase shift of 90 degrees are responsible in achiev-
ing the circular polarization.

3.4 Gain and Radiation Efficiency

The antenna's simulated and measured peak gains in
the two resonant frequency bands with center frequencies
of 3.5 GHz and 5.5 GHz are shown in Fig. 11. The maxi-
mum gain that is observed within the first band is 4 dBi
and in the second band is 5.2 dBi respectively. It is also
noticed from the radiation efficiency plot of Fig. 11 that it
is >85% in the first band and >90% in the second band.
Hence, the antenna offers decent gains and good efficien-
cies throughout the bands of operation, making it suitable
for targeted applications.

3.5 Parametric Study

The parametric study is carried out and the results are
depicted in Fig. 12. The position x1(starting position of the
thin rectangular strip part of the unit cell) is varied in the
positive x-direction and the respective S;; and axial ratio
curves are plotted, and it is observed that at an optimum
position of x1 = 5.5 mm, the dual band nature with an axial
ratio of less than 3 dB is achieved. It is also observed that
without a significant degradation in the S;; performance of
the antenna the CP is observed at this position. Since the
narrow strip connecting the ground plane with the unit cell
placed at the ground side aids the current flow, the starting
position of the strip y1 is varied along the positive y-direc-
tion and the respective S;; and axial ratio plots are indi-
cated in Fig. 12(c) and (d). At an optimum position of
y1 =2.5 mm, the restoration of dual band nature with CP
in the second band is observed. The parametric analysis is
conducted by keeping all the other parameters unchanged
except the parameter under consideration.
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Ref. Frequency Physical size . . Impedance bandwidth . o . .
No No. of bands (GHz) (mm) Electrical size (%) Efficiency (%) Gain (dBi)

2.46 3.65 64 0.71
[1] 2 55 36 x 24 x 1.59 0.26 x 0.19 59 392 153
2.5 22.8 94 >0.2
[10] 2 58 44 x70 x 1.6 0.36 x 0.58 10.8 9.1 =31
1.8 2.2 -2
[13] 2 59 40 x36 x 1.6 0.24 x0.21 3 >60 4
245 4 84.2 2.3
[14] 2 55 38.2%x29.1x6 0.31x0.23 12 903 8.6
2.76 1.44 79.4 1.02
[16] 2 593 36 x36x3 0.33x0.33 305 908 6.8
2.6 2.2 79.3 <1.44
[18] 2 36 31.7x27 x 1.6 0.27 x0.23 28.53 956 <1.98
2.45 6.1 2.1
[5] 3 3.5 32 x 25 x 0.064 0.26 x 0.2 18.2 - 2.8
4.7 27 3.5
1.78 3.08 70 —-0.15
[23] 3 422 20 x 20 x 0.508 0.11x0.11 15.17 96 2.18
5.8 8.33 >80) 3.58
2.6 7.7 0
[24] 3 3.6 35x32x1.6 0.3 x0.27 14.1 - 1.6
5.8 10.7 2.7
3.5 26.8 >82 >2.9
Prop. 2 55 24 x17 x 1.6 0.28 x 0.2 8.9 >89 4.1

Tab. 2. Comparison of the proposed work with the existing literature.
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Fig. 12. Influence of variation in the position of the (a) x1 on
Si1, (b) x1 on axial ratio, (c) yl on Sy, (d) yl on axial
ratio.

The performance of several dual and tri band anten-
nas that are composed of different metamaterial structures
and operating in the similar frequency range which are
published in the literature, are compared with the proposed
antenna in Tab. 2. It can be summarized that the designed
antenna offers a larger fractional bandwidth over the first
band when compared with other literature mentioned in the
table and the antenna also offers circular polarization in the
second band with a considerably smaller size. Moreover,
the antenna offers a better average gain across both the
bands with good radiation efficiencies throughout the
bands. Hence the antenna can become a good candidate for
several Wi-Fi applications.

4. Conclusion

A new compact CRLH MTM-TL based dual band
antenna for wireless applications has been proposed. It
makes use of a low cost FR4 substrate with a planar struc-
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ture and hence can be easily fabricated. The CRLH MTM
inspired unit cell composed of inductors and capacitors
induce the dual band nature with center frequencies of
3.5GHz and 5.5 GHz. The percentage impedance band-
widths of the antenna in the two bands are 26.8 and 8.9

with

the peak gains ranging in-between 2.9-4 dBi and

4.1-5.2 dBi. The antenna is linearly polarized in the first
band and circularly polarized in the second with good radi-
ation characteristics. A decent size reduction is achieved
with a good matching between the simulated and measured
results. The antenna has a great potential to be installed in

3.5/5.

5 WiMAX bands and the sub-6 GHz 5G bands.
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