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Abstract: In this article, a compact dual band metamaterial inspired circular microstrip patch antenna
for WLAN applications is presented. The antenna consists of a circular patch loaded with a comple-
mentary double negative metamaterial structure which produces a percentage miniaturisation of
60.7%. The circular microstrip patch antenna used for developing the proposed antenna has a reso-
nant frequency of 6.2 GHz with an impedance bandwidth of 3.5% before the metamaterial structure is
applied upon it. The loading of the proposed metamaterial structure inspires the antenna to lower its
resonant frequency with enhanced bandwidth and generate one additional resonance. The designed
antenna can be tuned throughout the C-band by simply altering the size of the metamaterial structure
loaded upon it. However, the prototype of the antenna is designed for the most commonly used
wireless communication bands at 2.4 GHz and 5.2 GHz. The 10 dB impedance bandwidth of 1.63% at
2.4 GHz and 13.15% at 5.2 GHz are achieved by this design. The electrical parameters of the proposed
antenna are ka = 0.72 and Qcy,, = 4.07 rendering it electrically small. This electrical compactness and
bandwidth enhancement are caused by the loading of metamaterial structure. The proposed antenna
is fabricated on low cost FR4 substrate and has an overall compact electrical size of 0.164 Ay x 0.164
Ao x 0.013 A9 and physical dimensions 20 x 20 x 1.6 mm?3, with peak gain 3.8 dBi and 2.9 dBi at
2.4 GHz and 5.2 GHz respectively.

Keywords: metamaterial; circular microstrip patch antenna; electrically small antenna; WLAN;
double negative metamaterial

1. Introduction

The communication industry today requires miniaturised, compact antennas with
enhanced bandwidth for developing smaller and high-speed communication systems.
Miniaturisation of antennas can be achieved by converting conventional antenna designs
into electrically small antennas (ESAs). One of the most commonly used conventional
types of antenna is microstrip patches because of their advantages such as ease of fab-
rication, simple design, low cost, etc. However, they have radiating patch size much
larger than the dimensions required for components that can be accommodated in mod-
ern compact devices. This paper focuses on the conversion of a conventional circular
patch into an electrically small antenna with dual-band and enhanced bandwidth using
metamaterial loading.

ESAs are antennas having certain defining electrical parameters proposed by Chu and
then by Wheeler [1]. These parameters are derived mathematically from wave number
‘k’ = 27t/ A and spherical radius around the highest dimension of the unit cell ‘a’. Based
on these values ESAs are defined using the mathematical formula ka < 1. Antenna design-
ers find attractive features of ESAs—such as compactness of size, simplicity of structure,
etc.—useful for developing compact antennas for modern applications [2-4]. ESAs also
have certain disadvantages such as high reactance and low radiation resistance due to their
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small electrical size which in turn results in high quality factor (Q). In ESAs decrease of
the value of electrical size ‘ka’ closely correspond to the decrease of parameters such as
bandwidth, efficiency, and gain [1]. Use of defected ground structures [5,6] and metamate-
rials (MTMs) [7,8] are the two most commonly used methods for developing ESAs from
conventional antennas.

MTMs are practically developed by Smith et al. [9], and their unique properties attract
antenna designers, who incorporate them in existing antennas for performance enhance-
ment [10,11]. MTMs are artificial electromagnetic structures with unusual properties and
can be classified into mu-negative (MNG) MTM (i < 0), epsilon-negative (ENG) MTM
(e <0)[12,13], and double negative (DNG) MTM (u < 0 and ¢ < 0) [12,14]. The most com-
monly used MNG-MTMs are split ring resonators (SRRs) whereas the complementary
split-ring resonators (CSRRs) belong to ENG-MTMs [13].

Erentok and Ziolkowski developed the concept of electrically small MTM inspired
antennas [15]. In this antenna, an MTM unit-cell has been placed in the vicinity of the driven
element, thereby utilizing its features for enhancing the properties of the driven element.
As a result, the impedance matching and overall radiation efficiency of the antenna are
improved without using additional matching networks. Ziolkowski et al. used the MTM
unit-cell as a parasitic element in the near-field of the driven element and it has become the
dominant radiating component of the overall system at the desired resonant frequency [16].

Even though SRRs are generally used for the design of MTM inspired antennas
with miniaturised size [15-17], CSRRs are loaded in patch antennas for their size reduc-
tion [18-27] because they can be easily integrated in the ground plane of the antenna
without altering the radiating patch. Raval et al. successfully generated a metamaterial
effect by etching CSRR in the ground plane of a circular microstrip patch antenna [18].
Compared with the conventional circular patch antenna, the effective footprint area of
the antenna using CSRR as a defected ground plane, is reduced approximately by 64%.
By introducing single complementary split ring in the ground plane, dual band resonance
and miniaturisation have been achieved [19] and the antenna achieves about 70% reduction
in the resonant frequency and 89% reduction in the radiating patch size when compared
with the conventional microstrip antenna. The size of a conventional rectangular patch
antenna is reduced by almost 24% using CSRR loading on the ground plane [20]. An array
of the same CSRR unit-cell is also applied on microstrip patch array for obtaining an array
size reduction of 40%. CSRRs are used as defected ground structures for patch antenna
miniaturization [21-23,25]. Electrically small antennas are developed using CSRRs in the
conventional patch antennas [24,26,27]. Another metamaterial inspired electrically small
quad-band antenna has been developed using SRR [28]. Hence, loading of complementary
structures in the ground plane can achieve greater size reduction compared to placement
of ordinary SRRs in the vicinity of radiating patch.

This article explores the application of a complementary double negative metamaterial
(CDNG-MTM) structure for miniaturisation of circular patch antenna. A single cell CDNG-
MTM structure is loaded in ground plane and analysed for its various parameters such
as return loss, fractional bandwidth, realised gain, and radiation pattern. The simulated
results are measured and validated.

2. Circular Patch Antenna Design

The first step towards the goal of electrical size reduction of the proposed antenna is the
design of a circular patch antenna operating at 6.24 GHz based on the basic patch antenna
design procedure [18,29]. The initial operating frequency is chosen as 6.24 GHz because
CDNG-MTM tuning would end up in final operating frequencies in WLAN application
bands of 2.4 GHz and 5.2 GHz. The designed structure is shown as Figure 1. The prototype
of the antenna is fabricated on an FR4 substrate. The antenna is fed with a microstrip
line feed having feed-width of 1 mm and feed-length of 3.1 mm. Detailed dimensions of
the circular patch antenna are given in Table 1. The simulated and measured return loss
characteristics of the circular patch antenna are plotted in Figure 2.
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Figure 1. Structure of the proposed circular patch antenna (a) top view (b) bottom view.

Table 1. Design parameters of the proposed antenna.

Parameters Size (mm) Parameters Size (mm)
L 20 W1 1
L 20 W»p 0.6
Ls 3.1 Gy 0.35
Ly 7.3 G, 05
Ls 2.8 R 6.5
Lg 0.8 R, 7.6

— — Simulated
—— Measured |
Y
14 . . ; :
2 3 4 5 6 7
Frequency (GHz) Prototype of the circular patch antenna

Figure 2. Simulated and measured return loss characteristics of the circular patch antenna.

3. Design and Characterisation of CDNG-MTM

The basic DNG-MTM consists of a ring with two stub lines [30]. A modification of
this basic structure is proposed by addding two extra stubs on the existing stub lines.
Even though the stub length is increased by this modification, the overall size and the DNG
behaviour remain unaltered. At the same time, this modification enables wider frequency
tuning. Thus, the modified DNG-MTM consists of a metallic ring having two L-shaped
stub lines with a gap. The distributed inductance and capacitance [31,32] effect on this
ring, stub and the gap produce an LC resonator behaviour with a high-quality factor (Q).
However, complementary MTM structures are more suitable for inducing MTM effect
on patch antennas. On the basis of Babinet’s principle and the duality concept, a DNG-
MTM has a complementary structure (CDNG-MTM) that exhibits similar operational
behaviour and properties. By altering the various physical parameters—such as ring
radius, stub length, etc.—tuning of the resonant frequency of the CDNG-MTM can be done.
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The material parameters of the CDNG-MTM can be retrieved using S-parameter retrieval
method [30,33-37]. A two-port waveguide set up is used to extract S-parameters of the
CDNG-MTM. The boundary conditions perfect magnetic conductor (PMC), perfect electric
conductor (PEC) and waveguide for the extraction of S1; and Sy; are shown in Figure 3.
Material properties such as permittivity, permeability, refractive index, and impedance can
be retrieved using S-parameters as per the following equations implemented in MATLAB™.

(1 + 511)2 — S%l 1)
(1—51)*— 5%

pinkod _ Sxn o)

-1
1— Syt

= [l 6 " 20 i () 0

where ‘ky’is the wavenumber in free space and ‘m’ represents branch index of refractive
index, which is an integer. Relative permittivity ‘e’ and relative permeability ‘s’ can be
calculated using the relations (4) and (5).

e=n/z 4)
W=nz )
},'
X
Z

Figure 3. S-parameters retrieval waveguide setup.

Figure 4a,b show 511 and S;; magnitude and phase plots of the CDNG structure,
obtained from the waveguide setup. Figure 4a shows resonance at 2.4 GHz and 5.2 GHz,
whereas, Figure 4b shows phase change at the same frequencies. Since the CDNG structure
shows resonance and phase change at these frequencies, the structure exhibits metamaterial
behaviour in these frequency regimes. These S-parameter values are used to extract
material properties. Figure 5a,b exhibit the extracted values of relative permittivity e,
relative permeability y, refractive index 1, and impedance z. It can be observed in Figure 5a
that, both permittivity and permeability show negative values over a wide range in C-band.
In Figure 5b the DNG property is exhibited where 7 is negative. A passive material shows
DNG behaviour when its n shows negative values and z shows positive values.
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Figure 4. 511 and Sy; (a) magnitude and (b) phase plots of the CDNG structure.
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Figure 5. Retrieved results for: (a) relative permittivity E and relative permeability y; (b) refractive
index n and impedance z.

4. Antenna Geometry and Design

The circular patch antenna in Figure 1 is loaded with the CDNG structure on the
ground plane. Loading of CDNG structure perturbs the radiating field and introduces
additional capacitive and inductive effect on the basic patch antenna. This increased
capacitive and inductive effect reduces the resonance frequency. Thus, the electrical size of
the antenna is reduced and the ka value gets reduced to 0.72. Since the CDNG structure
loaded antenna has ka < 1, it can be termed as electrically small antenna. Top and bottom
view of the proposed antenna are shown in Figure 6. Design parameters of the circular
patch antenna and the loaded CDNG-MTM are given in Table 1. Figure 7a,b show the
current distribution of the proposed antenna at 2.43 GHz and 5.2 GHz respectively. At the
lower band, current is distributed more in CDNG-MTM and less in patch and at the higher
band current is distributed equally in both patch and CDNG-MTM in the ground plane.
This shows that the lower band resonance is mainly due to the CDNG structure and higher
band resonance is due to the combined effect of patch and CDNG-MTM. Gain plot of the
proposed antenna is shown in Figure 8. It can be observed that peak gains of 3.8 dBi at
2.43 GHz and 2.9 dBi at 5.2 GHz are obtained for the proposed antenna.
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Figure 6. Structure of the proposed antenna. (a) Top view. (b) Bottom view.
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Figure 7. Current distribution of the proposed antenna. (a) 2.43 GHz. (b) 5.2 GHz.
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Figure 8. Gain plot of the proposed antenna with and without CDNG-MTM.

In conventional antennas, miniaturisation can be achieved by increasing the substrate
permittivity. Without changing the substrate material, effective permittivity can be in-
creased by incorporating an MTM or an MTM effect within the antenna design. This in turn
would reduce the size of the antenna. Thus, MTMs can function as a material substitute in
achieving miniaturisation of antennas. In the proposed design also the change of effective
permittivity using MTM is utilised for achieving miniaturisation.
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5. Parametric Analysis

The antenna resonance for various parameter changes is analysed. The parametric
analysis of various parameters is carried out using ANSYS® HFSS. It can be observed
that the radius of the CDNG structure plays a major role in antenna resonance frequency.
The slot length Ly = R, — W, /2 also vary with change in radius. The radius change shifts
the resonaces towards lower frequencies in two resonances. The variation in the resonant
frequencies with respect to the radius of CDNG-MTM (Ry), keeping all other parameters
constant, is illustrated in Figure 9. The parametric analysis shown as Figure 9 points out
that the shift in lower band is more significant when compared to the shift in the higher
band. When R; is varied from 4 mm to 8 mm, the —10 dB bandwidth of higher band is
progressively enhanced.
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Figure 9. Variation in resonant frequency with respect to radius of CONG-MTM.

Figure 10 represents the variation in the resonant frequency with respect to slot length
(Ls). When Ls is varied from 1 mm to 7 mm, shift of resonances towards left is observed at
both operating frequencies. The shift in lower band is more significant when compared to
the shift in the higher frequency band. Lower frequency tuning up to 1.8 GHz is possible
by varying Ls. However, tuning of Ls is optimised at 2.8 mm corresponding to WLAN
operating frequencies of 2.4 GHz in the lower band and 5.2 GHz in the higher band.

ol
[38]
[
=
th -
=

Frequency (GHz)

Figure 10. Variation in resonant frequency with respect to slot length.



Appl. Sci. 2022,12, 3035

8of 13

Figure 11 represents the variation in the resonant frequency with respect to position
of CDNG structure (Lg). Increase in Lg shifts the upper band towards lower frequency by
keeping first resonance unaltered.

Frequency (GHz)

Figure 11. Variation in resonant frequency with respect to position of CDNG-MTM.

From the parametric analysis we can conclude that the first resonance is solely based
on the size of the CDNG-MTM. The subsequent resonance is obtained by the combined
effect of patch and CDNG-MTM.

6. Experimental Validation

A prototype of the basic patch antenna and the proposed CDNG-MTM loaded ESA
are fabricated on a low-cost FR-4 substrate with relative permittivity (e,) 4.4, loss tangent
(tand) 0.02, and substrate height (k) 1.6 mm. The designed antenna is tested using a vector
network analyser. All the simulations and optimisations are carried out using ANSYS®
HEFSS [38]. Even though the parametric analysis shows that the designed antenna can
resonate up to 1.8 GHz in the lower band and 4.5 GHz in the higher band, the prototype
is designed and tested at the resonance of 2.4 GHz and 5.2 GHz because they are the
most commonly used application bands in wireless communications. All the mathematical
calculations are done based on the lower resonance frequency 2.4 GHz. A photograph of the
CDNG-MTM loaded ESA is shown in Figure 12. The simulated and measured return loss
characteristics of the CDNG-MTM loaded ESA are shown in Figure 13. The figure shows
that the ESA is operating at two bands with centre frequencies 2.43 GHz and 5.2 GHz.
The percentage bandwidth of the basic patch antenna is 3.5%. CDNG loading results
in antenna miniaturisation with enhanced bandwidth. The CDNG loaded ESA has a
percentage bandwidth of 1.63% at 2.4 GHz and 13.15% at 5.2 GHz. It has, k = 51.47 rad/m
at the first resonant frequency 2.4 GHz, a = 14.14 mm and therefore ka = 0.72 < 1. When
these values are applied in Equation (6), the Qmin = 4.07 whereas the actual Q radiated
(Qyqq) obtained is 61.3%. Hence, by definition, the proposed antenna is electrically small [1].

LI ®)

k3a®  ka

Qmin =
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(b)
Figure 12. Prototype of the proposed ESA. (a) Top view. (b) Bottom view.
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Figure 13. Simulated and measured return loss characteristics of the proposed ESA.

The maximum bandwidth can also be expressed using Chu limit as

VSWR -1
Qmin VVSWR

where FBWax represents the maximum fractional bandwidth. On applying (6) and (7),
the FBWnax that can be achieved at VSWR =2, is 17.37% and the bandwidth of 1.63% ob-
tained is well below the maximum limit of bandwidth.

Radiation characteristics of the proposed ESA at 2.4 GHz and 5.2 GHz are plotted in
Figure 14. E-plane and H-plane show omni-directional characteristics in both the bands.
A comparative analysis of the parameters of the basic patch with the proposed CDNG-MTM
loaded antenna is presented in Table 2. The comparison shows that the proposed modified
structure has distinct advantages in terms of size, operating bands, and bandwidth.

FBWpax = ()
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Figure 14. Radiation characteristics of the proposed ESA at (a) 2.4 GHz and (b) 5.2 GHz.
Table 2. Performance comparison of the proposed antenna with the basic patch antenna.
No. of Frequency . Imp. Gain
Antenna Bands (GHz) Size (Ag) ka Value BW(%) (dBi)
Patch 1 6.2 0.417 x 0.417 1.8 3.5% 6
Patch 2.4 0.72 1.63% 3.8
with CDNG 2 5.2 0164 >0.164 154 13.15% 2.9

A comparative study of different types of electrically small antennas in terms of overall
size, ka value, percentage miniaturisation, resonant frequency, gain, number of bands, and
percentage bandwidth is summarized in Table 3. The comparison of the overall size of the
antenna is done in terms of ‘A’ wherever available, because it standardizes the electrical
size of different antennas operating in different frequencies. A comparison of the overall
size of various antennas reveals that all the antennas are larger than the proposed one.
In conventional antennas, the increase in substrate permittivity normally decreases the
antenna size. In the proposed antenna, the introduction of the CDNG-MTM on the FR4
substrate alters its permittivity so that the size of the antenna is reduced more considerably
than the size reduction achieved by other MTM based antennas in Table 3. The proposed
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ESA is MTM inspired and it can be observed that it is better than the references in terms of
size, percentage bandwidth, and multiband characteristics.

Table 3. Performance comparison of the proposed antenna with the other microstrip patch antennas
loaded with metamaterial.

Overall Permittivity Resonant Gain No. of
Reference/Year . 2 2 and ka % Miniaturisation  Frequency . ) %BW
Size | (A* & mm?) . (dBi) Bands
Thickness (GHz)
0.926 0.32
[51/ - 44
0.75 - 1.57 1.2 3 -
2018 20 x 21 1.6 247 15
[61/ - 3
2021 60 x 70 1.504 0.79 44.94 1.36 1.77 1 1.13
[8]/ 0.197 x 0.246 22 ]
2017 4x5 26 0.98 14.76 7.16 1 7.96
[201/ - 2.2
2017 40.7 x 61 1.27 i 24 2 63 1 i
[22]/ - 44 24 1.89
2019 40 x 20 1.6 ) 81.3 5 3.47 2 i
[24]/ 0.177 x 0.243 2.2
2016 455 236 0.943 - 13.25 7.09 1 7.96
[25]/ - 44 ) 50 ;g 3.28 5 ]
2020 100 x 100 1.6 . —4.5-3.1
4.38
[26]/ 0.161 x 0.192 2.2
2010 ] 3175 0.775 - 9.51 32 1 5.37
0.164 x 0.164 44 24 3.8 1.63
Proposed 20 x 20 1.6 072 60.7 52 29 2 13.15

7. Conclusions

A new CDNG-MTM structure has been designed and characterised in order to develop
an MTM inspired circular patch antenna. The proposed antenna has been derived from a
circular patch antenna having operating frequency 6.2 GHz. The CDNG-MTM structure
is loaded on the circular patch antenna and it functions as a controlling structure that
can successfully manipulate the resonance behaviour of the patch. The CDNG-MTM
loading has enabled the antenna to operate in two lower bands at 2.4 GHz and 5.2 GHz
with percentage bandwidth of 1.63% and 13.15% respectively. The proposed CDNG-MTM
structure loaded electrically small circular patch antenna enables dual-band operation with
a compact size of 20 x 20 mm? and is fabricated on low cost FR4 substrate. The loading
of CDNG-MTM structure results in percentage miniaturisation of 60.7% with reasonable
gain. The parametric analysis of the various design parameters has been done in order to
understand the antenna’s performance in terms of resonance frequency. From this analysis,
it has been observed that the first resonance is caused solely by the CDNG-MTM and the
second resonance has been obtained by the combined effect of patch and CDNG-MTM.
Performance comparison of the proposed antenna with the other metamaterial loaded
microstrip patch antennas shows that the proposed antenna is capable of giving better
performance in terms of size, percentage bandwidth, and dual-band characteristics. It is
also confirmed that complementary MTM structures are a better solution for patch antenna
miniaturisation. The antenna can be easily tuned to various wireless application bands by
changing the size and position of CDNG-MTM. This type of antenna is suited to application
in wireless devices.
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