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A multiband metamaterial loaded antenna of dimensions 37.5 x 45 mm? is designed to resonate at four frequencies 1.74,
2.48, 3, and 3.5 GHz respectively suitable for sub-6 GHz applications. The initial structure incorporates slots to facilitate
multiband capabilities. The slot dimensions in the radiating patch are determined through parametric analysis. Further,
Genetic Algorithm (GA) and Quasi Newton (QN) optimization are utilized to validate the results of parametric analysis. For
miniaturization, the Split Ring Resonator (SRR) and Complementary Split Ring Resonator (CSRR) are incorporated and
analyzed. The inclusion of a metamaterial unit cell resulted in a size reduction of 53% from the conventional structure.
Along with size reduction, there is a substantial improvement in gain for CSRR incorporated structure. The proposed CSRR
implemented structure has been fabricated and the validation of the results is carried out.
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1 Introduction

Great progress has been observed in recent
times for antennas having lightweight, superior
performance, and multiband operation in wireless
communication technology. A multiband antenna
transmits and receives signals at multiple frequencies
making this more advantageous than a single-band
antenna’. The multiband antenna can be materialized
by the inclusion of slots, notching, or variation in
the patch structure’. Multiple techniques widely
employed to improve the antenna performance like
the inclusion of slots, defected ground, and frequency
selective surfaces®.

In recent times the incorporation of metamaterials
in the radiating structure has improved the
performance of the antenna. Metamaterials are
artificial structures that possess unique properties
enabling effects that cannot be realized in natural
existing materials’. Applying metamaterial in the
antenna  structure provides many advantages
such as enhancing gain, increasing bandwidth, and
significantly reducing the dimensions of the
antenna. Implementation of metamaterial properties in
the antenna structure is done by using unit cells”.
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There are two types of unit cells SRR and
CSRR structure. The unit cell inclusion in the
radiating structure improves the performance of the
resonating frequencies obtained from the multiband
antenna®’

There are various algorithms available to perform
the optimization of the antenna parameters®®. GA
optimizer represents a technique utilized to address
arbitrary variables by executing additional iterations,
resulting in increased time consumption. GA allows
for the manipulation of a greater number of variables.
The cost function reaches zero at a certain variable.
A QN optimizer is an approach used to solve data
within gradient searches. Its main aim is to minimize
or maximize the value of the design parameter. One
or two variables can be changed in the QN optimizer
to attain the cost value of zero. Variation of more than
two variables is not possible in this optimizer. The
cost function relates to the variable in the model and
attains the goal value given.

A hexagonal triband antenna operating in S, C, and
X bands is proposed with rectangular and circular
slots™®. The slots aid in achieving multiband operation
with appreciable gain values. In'* a compact antenna
on a FR4 substrate with single resonance at 3.5 GHz
is realized using CSRR in the ground and slots in the
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patch. The structure has a gain of 3dBi and a
bandwidth of 200 MHz. A dual band antenna on FR4
substrate with a compact size is designed using a
fractal monopole with rectangular slots for WiMAX
applications®. A quad band antenna suitable for
wireless applications is designed with a tapered patch
and CSRR™. Multiple CSRRs are etched in the
modified patch to improve the gain of the antenna.
The loading of CSRR in the ground plane results
in gain enhancement improving the radiation
characteristics*. A combination of circular and
hexagonal unit cell as a meta surface layer is utilized
to improve the gain of the antenna®. A triband
antenna with SRR array is designed suitable for
wireless applications'®.

In the existing works, the dimensions of the
multiband antenna are larger making it impractical to
be deployed for wireless applications. Besides, it is
challenging to ensure optimal gain in a miniaturized
multiband antenna. The proposed work aims
to address these challenges by incorporating
metamaterials. The proposed antenna achieves 53%
miniaturization along with enhanced gain. The
significant contributions of this research article are
stated below:

e Proposed a miniaturized multiband microstrip
antenna design utilizing metamaterial structures and
optimization algorithms.

¢ Incorporated an 'E' shaped slot near the feed point to
achieve resonance at multiple bands, enhancing the
antenna's frequency versatility.

e Conducted parametric analysis to determine the
dimensions of slots, optimizing them for resonance
at multiple frequencies. Utilized GA and QN
methods for antenna dimension optimization to
validate the same.

¢ Designed and analyzed the metamaterial unit cells
to achieve negative permittivity and permeability in
the operating frequency range.

o Incorporated metamaterial structure and achieved
significant enhancements in antenna gain and
miniaturization compared to conventional and
existing  designs, with improved radiation
characteristics across multiple operating frequencies.

o Validated the simulated results through measurements
in an anechoic chamber, demonstrating the antenna's
effectiveness in achieving resonance at multiple
frequencies with low return loss and improved gain
characteristics.

2 Antenna Design Methodology

The proposed design aims to achieve a
miniaturized multiband microstrip antenna by
incorporating metamaterial structures and
optimization algorithms. FR4 epoxy material is used
as a substrate with a dielectric constant of 4.4. The
height of the substrate (h) is 1.6 mm. The simulations
are carried out in Ansys High Frequency Simulation
Software (HFSS-Finite Element Method).

2.1 Conventional Rectangular Patch Antenna

Initially, a conventional rectangular patch antenna
of size 60 mm x 60 mm is designed for a resonating
frequency of 2.3 GHz. Various parameters like patch
width, effective dielectric constant €., and patch
length L are determined using Eq (1- 4)"
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Where C, denotes the speed of light and its value is
3 x 10® mfs, f, represents resonating frequency, e IS
the effective dielectric constant and ¢, indicates
relative dielectric constant. The dimensions of the
radiating patch’s ground plane are estimated using
Eq (5) and Eq (6).

Patch Extension Length (AL) =

Length of the Patch,L =

Ly =6h+L .. (5)
W, = 6h+W .. (6)

The conventional antenna designed as in Fig. 1 (a)
offers resonance at 2.3 GHz. At this frequency, the
magnitude of S;; is observed as -12.28 dB and the
simulated gain is observed as 3.1 dB.

2.2 Multiband E-Slotted Rectangular Patch Antenna

The performance of an antenna is determined by its
dimensions, including width, length, and height.
Suboptimal patch width can lead to poor antenna
performance, characterized by high return loss and
low gain. GA and QN methods are employed to arrive
at the optimal patch width of the radiating structure.
The objective function for both algorithms is return
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loss reduction and gain enhancement. GA serves as an
approach to narrow down the search space and QN
optimizer is utilized to resolve data within gradient
searches. In general, the optimization process is
initiated with a parametric setup. GA takes random
values whereas for Quasi Newton input should be
given manually.

For GA the width of the patch varies from 30 mm
to 45 mm. The GA optimization values are taken
randomly in the given range. The cost is lower at
35.70 mm, 35.66 mm, and 35.65 mm. With the results
of the GA algorithm, the input range of the QN
optimizer search space is refined to 34 mm to 38 mm.

60 mm 60 mm

60 mm
60 mm

v

Fig. 1 — Antenna structure (a) Conventional Rectangular Patch,
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Five values of patch dimensions have been given as
an input range. The cost values at 34 mm, 35 mm,
36 mm, 37 mm, and 38 mm are 238.4, 156.37,
146.72, 218.79 and 253.22 respectively. The optimal
width of the patch antenna is identified as 36 mm,
where the lowest cost function is achieved. Both
algorithms converge to the same optimized width of
36 mm. Further, to attain resonance at multiple bands
in the optimized structure, an ‘E’ shaped slot has been
included near the feed point. The optimized multiband
radiating structure is depicted in Fig. 1 (b).

The position of the slots is determined from the
current distribution. The dimensions of the slots are
finalized through parametric analysis. For parametric
analysis, the length and width of the slots are
considered. First, a single rectangular slot is placed
near the slot. The length of the first slot (L;) varied
from 4 mm to 12 mm with a step size of 2 mm. The
width of the first slot (W;) varied from 0.5 mm to
3.5 mm with a step size of 0.5 mm.

From the result of the parametric analysis as in
Fig. 2 (a), it is observed that the antenna resonates at
three different frequency bands with acceptable
performance for Ly = 8 mm and W, = 2 mm. To
achieve additional resonance, another rectangular slot

and (b) Slotted Multiband Patch Antenna
—
200

Freq [GHz]

Freq [GHz)

Fig. 2 — Parametric Analysis of Multiband Antenna (a) Effect of varying first slot width and length, and (b) Effect of varying second slot

width and length
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is placed near the first slot. Length (L) and width
(W,) of the second slot vary from 4 mm to 12 mm
with a step size of 2 mm and 0.5 mm to 3.5 mm with
a step size of 0.5 mm respectively. As depicted in
Fig. 2 (b), for L,=8 mm and W, = 3 mm the antenna
exhibits resonance at four different operating bands
with acceptable performance. The resulting multiband
antenna structure shown in Fig. 1 (b) offers
resonances at 1.64 GHz, 2.32 GHz, 2.8 GHz, and 3.3
GHz with a magnitude of Sy; as -14.28 dB, -13.33 dB,
-21.83 dB and -19.23 dB respectively. The simulated
gains observed at the magnitudes observed at
1.64 GHz, 2.32 GHz, 2.8 GHz, and 3.3 GHz are
0.8dB, 3.3dB, 0.6 dB, and 0.1 dB respectively.

(a)

(b)
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2.3 Miniaturized Multiband E-Slotted Rectangular Patch
Antenna

To achieve miniaturization with improved
performance, a metamaterial has been incorporated in
the E-slotted multiband antenna design. In this design,
a square shaped SRR of size 7 mm X 7 mm is
designed. Permeability and permittivity of the unit
cell are calculated using Eq (7) - Eq (10). The design
geometry of the unit cell, its equivalent circuit, and its
material characteristics are depicted in Fig. 3.
The optimization of unit cell dimensions is done to
realize negative permittivity and permeability in the
operating frequency range. From Fig. 3 (d), the
permeability, permittivity, impedance and refractive
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Fig. 3 — (a) Unit Cell dimensions of SRR / CSRR (b) Unit cell Structure (c) Equivalent Circuit, and (d) Permeability, Permittivity,

Impedance and Refractive index
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index of the unit cell are observed to be double
negative. This implies the unit cell designed has left-
handed material characteristics for the entire region of
operation.

1 _ 1
Nefr = ECOS 1 (2*521 (1 - 5121 - 5221)> (7)

_ (1+511)2—S%1
Zer = /—(1_511)2_5%1 .. (8)

where,  Z.rr, nepp represents the effective
impedance and refractive index of the designed unit
cell, k represents the wave number, d denotes the
thickness, S;; and S,; denote the reflection and
transmission coefficient.

[re (negp)+) im (negr)]
[re (Zogr )+ ) im (Zogs)] - (9)

Permeability = [re (neff) + jim ("eff )] *
[re (Zegs) + jim (Zegr )]

In the process of miniaturization, a metamaterial
unit cell is designed, and analyzed. The miniaturized
multiband antenna structure with SRR and CSRR unit
cells are given in Fig. 4 (a) and Fig. 4 (b), respectively.
The modified design results in significant size
reduction but there is a slight deviation in the

Permittivity =

... (10)

4S mm

e D

resonating frequencies observed and are depicted in
Fig. 4 (c). The inclusion of SRR resulted in low gain
characteristics. On the other hand, the realized gains
are observed to be positive and are in the acceptable
range for the CSRR incorporated structure.

3 Results and Discussion

3.1 Simulated Results of Miniaturized Antenna with CSRR
(Proposed Antenna)

A comparison of conventional patch antenna,
E-slotted multiband antenna, and miniaturized
multiband structure with SRR and CSRR is tabulated
in Table 1. The optimized size-reduced patch
antenna with CSRR structure has better radiation
characteristics than the remaining structures as shown
in Table 1. The overall size of the antenna before and
after incorporation of meta material is 5760 mm ® and
2700 m* respectively. When compared to the initial E
slotted design, the miniaturized antenna with CSRR
offers a size reduction of 53% as given in Eq. (11).
Hence, the miniaturized antenna with CSRR structure
is chosen as the final structure, and fabrication and
validation of the antenna are done.

5760—2700

5760 >3%

% of Miniaturization =
.. (12)

Sum

t @

37.S mm

:
| (b)

$11 ()
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Fig. 4 — Miniaturized Multiband Antenna Structure (a) With SRR (b) With CSRR (Proposed Structure), and (c) Return Loss Plot
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The simulation performance of the CSRR loaded
multiband structure is discussed as follows. The Si;
parameter indicates the reflected power by the load, a
smaller value gives a better match. The proposed
antenna radiates at four resonating frequencies 1.74
GHz, 2.48 GHz, 3 GHz, and 3.5 GHz with an Sy;
magnitude of -13.9 dB, -10.8 dB, -33.7 dB, and -
21.81 dB respectively. Fig. 5 shows the simulated

Table 1 — Radiation Characteristics

VSWR plot of the proposed antenna which is
observed to be less than 2 at all the operating
frequencies.

The 3D gain plot and E-field distribution for
different operating frequencies are illustrated in Fig. 6
and Fig. 7, respectively. From the gain plot, it is
observed that the gain at 1.74, 2.48, 3, and 3.5 GHz is
4.6 dB, 2.7 dB 4.7 dB, and 4.1 dB.

3.2 Fabrication and Validation of Proposed Antenna

Antenna Prequency S Gain The optimized size-reduced patch antenna
(GH2) (dB) (dB) . . . .
incorporating a CSRR unit cell has been fabricated
Rectangular Patch 2.3 -12.28 31 . . ..
164 1428 08 are presented in Fig. 8 (a) and (b). After fabricating,
E slotted 232 1333 33 the antenna has been tested in an anechoic chamber
Rectangular Patch 2.80 -21.83 0.6 with the measurement setup shown in Fig. 8 (c). The
33 -19.2 0.1 VNA measurement setup of the proposed antenna is
1.77 -14.5 2.9 depicted in Fig. 8 (d).
Antenna with SRR 2.52 -113 2.7 The measured radiation pattern of the proposed
unit cell 3.02 -30.0 -1.7 antenna at the resonating frequencies is depicted in
i'?i 'g'g '415 Fig. 9. For 1.74 GHz and 2.48 GHz unidirectional
. ' s ' patterns are observed. At 3 GHz and 3.5 GHz
Antenna with 2.48 -10.8 2.7 - . -
CSRR unit cell 3.0 337 47 omnidirectional patterns are observed. The comparison
350 218 41 graph for the simulated and measured S;; parameter is
350.00
300.00
250.00
200.00
g E Name X Y
~ 150.00 m1  [1.7400| 14996 |
E m2 2.4960 | 1.9911
100.00 m3 | 3.0060 12067
E md4 | 3.5040| 1.1765
50.00
] ml m2 m3 m4
0.00 ———— N . ; e —— S
1.00 1.50 2.00 2.50 3.00 3.50

Freq [GHz]

Fig. 5— VSWR Plot of the Proposed Miniaturized Antenna with CSRR structure

(b)

Fig. 6 — 3D plot- Gain at Resonating Frequencies (GHz) (a) 1.74 (b) 2.48 (c) 3, and (d) 3.5
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Fig. 9 — Measured E-Plane and H-Plane Pattern at Resonating Frequencies (a) 1.74 (b) 2.48 (c) 3, and (d) 3.5

presented in Fig. 10 and its performance across
various metrics is summarized in Table 2.

The frequencies of the fabricated antenna are
slightly varied from stimulated antenna results, but an
appreciable S-parameter value is obtained for the
frequency range. A comparative analysis of the
proposed structure with the existing works on a FR4
substrate is given in Table 3. In comparison with
existing works, the proposed work has a quad band
operation with an average peak gain of 4.03 dB.
Also in this work, both optimization algorithms and
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Table 2 — Simulated and Measured Result Comparison

Results

Simulated

Fabricated

fr
(GHz)

1.74
2.48
3.0
3.50
1.74
2.49
2.98
3.49

Sll
(dB)
-13.98

-10.8

-33.7
-21.81

-12.3
-10.58
-27.91
-20.27

VSWR

1.49
1.99
1.20
1.17
1.48
2

1.23

13

Gain
(dB)
4.6
2.7
4.7
4.1
5.1
2.21
3.65
4.0
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Fig. 10 — Simulated and Fabricated Results Comparison

Table 3— Comparison with Existing Works

in comparison with the conventional patch antenna.
The proposed antenna operates in frequencies of
1.74 GHz (WiMax), 2.48 GHz (WLAN), 3 GHz
(Internet of Things), and 3.5 GHz (5G) with efficient
radiation. The array structure and meta surface
implementation can be explored to improve the

Ref. Size f, Si Gain
(mm®) (GH2) (dB)

[18] 42 x32x1.6 2.40 -28 1.63dB
5.03 =17 1.38dB

8.67 =22 2.95dB

[19] 40 x50 x 2 2.44 -25 35.0 dBi
55 -40 3.53 dBi

[20] 25x 16 x1.6 2.72 -24 0.72dB
4.58 -13 2.0dB

[21] 33.6x36 x1.6 2.40 -14 2.36 dB
[22] 20x20x 1.6 3.21 -30 3.0dBi
3.60 -29 3.69 dBi

Proposed 37.5x45x1.6 1.74 -13.98 4.6 dB
2.48 -10.8 2.7dB

3.0 -33.7 4.7dB

3.50 -2181 4.1dB

parameterization are deployed to determine the
dimensions of the antenna and slots.

4 Conclusion

A multiband metamaterial inspired antenna for
wireless applications is designed, simulated, and
validated. In the initial structure, slots are introduced
to attain multiband operation. For the miniaturization
of the structure, both CSRR and SRR structure
parameters have been analyzed. GA and ON
algorithm analyses are performed to ensure the width
of the proposed structure is at the optimal value. The
geometry of the slots is determined using parametric
analysis. The proposed antenna (multiband antenna
with CSRR) has realized a size reduction of 53%

performance of the proposed antenna.
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