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Metamaterial-Based Octagonal Ring Penta-Band Antenna for
Sub-6 GHz 5G, WLAN, and WiMAX Wireless Applications
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ABSTRACT: In this article, a metamaterial SRR and CSRR based octagonal ring shaped multiband antenna is presented. The proposed
antenna structure is designed with the implementation of slotted radiating patch with metamaterial cells for resonating at penta-bands
to cover the 5G Sub-6GHz NR frequency bands n48/n78/n79/n96, 3.5GHz worldwide interoperability for microwave access, 5GHz
wireless local area network, 10.03–14.29GHz upper X band, and 15.74–19.98GHz upper Ku band wireless applications. The proposed
antenna with a compact dimension of 33×22×1.6mm3 is fabricated to validate the simulated results with measured ones. The radiation
characteristics is identified in stable and uniform manner for all the penta resonant bands.

1. INTRODUCTION

Presently, the boom in wireless communications require the
5G (fifth generation) technology mobile communication

field with the features of high data rates, reduced latency, en-
ergy savings, lower costs and increased system capacity [1].
In 5G mobile communication, 5G Sub-6GHz (5–6GHz) band
is defined to cover the various NR bands of wireless commu-
nication with advanced features as compared with the avail-
able 4G networks. The 5G frequency spectrum is identified
into two formation of bands as lower than 6GHz (FR1 NR
bands) and more than 30GHz regarding wireless standards [2].
The shift of antenna design from 4G to 5G band imposes the
employment and investigation of various planer multiband an-
tenna [3–5]. The development of frequency reconfigurable
antenna for sub-6GHz 5G and WLAN applications is ongo-
ing, and the respective antenna design can be found in [3].
The work reported on 5G antenna design displayed the use of
a magneto-electric dipole approach with broadband and high
FBR (front to back ratio) characteristics in [4]. The multiple
unit wideband MIMO antenna array approach is applicable to
mobile devices to achieve the improvement in bandwidth and
5GNR communication bands [5, 37]. A slot-antenna array with
wideband and high-isolation for multiple-input multiple-output
(MIMO) systems is designed on an FR4 substrate to cover
the fifth-generation new radio (5G NR) communication bands
N77/N78/N79 [36]. A dual band low-profile quad-port printed
antenna is proposed for 5G applications to utilize the 5G spec-
trum between 3.3 and 3.8GHz, specifically in the n77 band,
with a 10 dB bandwidth impedance [38]. By using various
slotted, metamaterial loading, feeding techniques, multiband
nature is created within single design [6–11]. The multiband
feature is generated in antenna design with the implementation
of metamaterial cells (SRR/CSRR) [12–15]. Another method
of fractalization also provides the multiple wireless communi-
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cation resonant band characteristics in antenna structure [16].
In [17–20], a hybrid fractal approach with metamaterial load-
ing is introduced to achieve the multiple wireless standards.

To achieve penta band wireless and 5G NR bands, a meta-
material loaded slotted antenna design is proposed. The an-
tenna has the optimized results for wireless applications world-
wide interoperability for microwave access (3.5GHz), Wire-
less local area network (5GHz), higher range X/Ku band and
5G wireless communication standards. The antenna struc-
ture achieves five resonance characteristics at 3.19–3.96GHz,
4.65–5.33GHz, 6.78–7.54GHz, 10.03–14.29GHz, and 15.74–
19.98GHz to represent the wireless communication modes
WiMAX (3.5GHz), 5G FR1 NR Band (n48; 3.55–3.7GHz and
n78; 3.3–3.8GHz), WLAN (5.0GHz), 5G FR1 NR Band (n79;
4.67–5.0GHz), 5G FR1 NR Band n96 (6.925–7.125GHz), up-
per X band and upper Ku band respectively. The proposed
design achieves resonance in a penta-band configuration, ad-
dressing various wireless standards, including 5G Sub-6GHz
NR Bands (5G FR1-n48/n78/n79/n96), WiMAX (3.5GHz),
WLAN (5.0), upper X band (10.03–14.29GHz), and upper
Ku band (15.74–19.98GHz), as depicted in Figure 4. The
frequency range of 3.19 to 3.96GHz encompasses WiMAX
(3.5GHz) and 5G FR1 NR Band (n48; 3.55–3.7GHz and n78;
3.3–3.8GHz) wireless communication applications. The sec-
ond resonating band, spanning 4.65–5.33GHz, is designated
for WLAN (5.0GHz) and 5G FR1 NR Band (n79; 4.67–
5.0GHz) standards. The third and fourth resonating bands at
6.78–7.54GHz and 10.03–14.29GHz are linked to 5G FR1 NR
Band n96 (6.925–7.125GHz) and the upper X band, addressing
terrestrial broadband and space communications applications.
The fifth operating band of the proposed antenna design, rang-
ing from 15.74 to 19.98GHz, aligns with the upper Ku band for
satellite communications applications.
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TABLE 1. Parametric formation of ANN network.

Parameters Values
Number of Neurons for First Input layer 2

Number of Neurons for second Intermediate layer 120
Number of Neurons for Third Output layer 4

Learning rate 0.0768
Number of epochs 1999
Training Algorithm Levengberg-Marquardt (LM)

FIGURE 1. Machine learning network architecture.

FIGURE 2. Flow Chart: Implementation of ML algorithms.

2. MACHINE LEARNING TECHNOLOGY

Over the past few decades, machine learning (ML) has made
significant strides, finding frequent applications in work au-
tomation and bringing about a revolution in engineering and
scientific techniques. In recent years, ML approaches have
been extensively explored and adopted in antenna design, due

to their ability to learn frommeasured or simulated antenna data
through a training procedure, thereby expediting the entire an-
tenna design process [39]. When dealing with the tuning of
multiple parameters or the design of complex structures, ML
approaches offer substantial advantages by significantly reduc-
ing computing times [40].

110 www.jpier.org



Progress In Electromagnetics Research B, Vol. 104, 109-129, 2024

TABLE 2. Proposed antenna’s evolutionary development phases.

Antenna
formations

Configuration
of the Upper
and Lower
Segments in

the
Proposed
Design

Resonating
band

(in GHz)
during

simulation
and

measurement
mode

Bandwidth
(in %)
during

simulation
and

measurement
mode

Peak Gain
(in dBi)
during

simulation
and

measurement
mode

Efficiency
(in %)
during

simulation
and

measurement
mode

Modes of
Wireless

Applications
Covered

Causes

A

Radiating
Section: An

octagonal slotted
geometry

connected to a
trapezoidal
-shaped
feedline

Ground part:
Trapezoidal
shape with
Defected
Ground
Structure
(DGS)

Sim.:
2.93–14.28
Meas.:

3.03–12.92

Sim.:
131.90
Meas.:
124.01

Sim.:
2.62
Meas.:
2.34

Sim.:
73.61
Meas.:
71.62

No. of
Applications

— 1
Single band
(UWB)

The wideband
characteristics
are achieved
through an
octagonal
slotted
radiating
patch and a

trapezoidal-shaped
Defected
Ground
Structure
(DGS)
ground

component

B

Radiating
Section: An
octagonal
slotted
geometry
connected

to a
trapezoidal
-shaped
feedline

Ground part:
Trapezoidal
shape with
Defected
Ground
Structure
(DGS)

loaded with
rectangular
SRR cell

Sim.:
2.99–7.63,
10.09–14.18,
16.52–19.98

Meas.:
3.05–7.22,
9.89–13.87,
17.52–19.47

Sim.:
87.38,
33.70,
18.96
Meas.:
81.20,
33.50,
10.54

Sim.:
2.78,
3.28,
3.46
Meas.:
2.01,
3.11,
2.37

Sim.:
79.68,
79.52,
82.36
Meas.:
75.84,
76.32,
81.21

No. of
Applications

— 3
Triple band

(WLAN/WiMAX,
upper X band,
and upper
Ku band)

The current
perturbation
effect arises
from the

slotted patch
area and

the presence
of Split Ring
Resonator
(SRR)
loaded
defected

ground plane.
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C

Radiating
Section: An
octagonal
slotted
geometry
connected
with CSRR
inspired

trapezoidal
shape
feedline

Ground part:
Trapezoidal
shape with
Defected
Ground
Structure
(DGS)

loaded with
rectangular
SRR cell

Sim.:
3.19–3.96,
4.65–5.33,
6.78–7.54,
10.03–14.29,
15.74–19.98

Meas.:
3.28–3.97,
4.82–5.48,
6.84–7.59,
10.01–14.34,
15.68–19.74

Sim.:
21.54,

13.63, 10.61,
35.03, 23.74

Meas.:
19.03,

12.81, 10.39,
35.56, 22.92

Sim.:
2.51,

1.52, 1.51,
2.48, 3.58, 3.62

Meas.:
2.49,

0.86, 1.34,
2.23, 3.21,

3.32

Sim.:
81.28,

79.98, 82.34,
76.84, 86.52

Meas.:
74.92,

59.96, 75.68,
73.52, 81.79,

82.06

No. of
Applications

— 5
Penta a band

(5G Sub-6GHz
NR Bands (5G

FR1-n48/n78/n79/n96),
WiMAX (3.5GHz),

WLAN (5.0),
upper X band

(10.03–14.29GHz)
and upper Ku

band
(15.74–19.98GHz)

The slotted
fractal-based

patch
structure

is connected
to a

trapezoidal-shaped
feedline

inspired by
CSRR and a

trapezoidal-shaped
ground plane
with a loaded
rectangular
SRR cell.

These elements
contribute
to the

generation
of current

perturbations
and negative
permeability
characteristics,
aiming to
achieve a
penta-band
resonating
state for 5G
wireless

applications

After acquiring a dataset, it can be partitioned into two seg-
ments: training and cross-validation. The allocation of records
to each segment is contingent on the total number of records in
the dataset. In the suggested antenna model, 80 percent of the
records are dedicated to the training set, while the remaining 20
percent are assigned to the cross-validation sets.
This article employs Artificial Neural Network (ANN) algo-

rithms [41, 42] for making predictions. The selection of this
algorithm is based on its ability to perform regression on non-
linear data. As the desired output takes the form of numeri-
cal values, regression stands out as the most suitable method
for prediction. The implementation of these algorithms is car-
ried out in Python3 due to its ease of use and the availability
of numerous libraries supporting data pre-processing, machine
learning algorithms, and visualization.
Machine Learning (ML) technique is apply to extract the de-

sired information from input information or data by using vari-
ous types of algorithm approaches. These algorithms are based
upon optimization method where the required optimized data
can be identified from the input collected data. This technique
is a collaboration of statistics and data analysis. In this work,
the antenna design modelling and performance analysis are per-

formed by using back-propagation algorithms based machine
learning network. This algorithm is executed into three forma-
tions as Formation I: During this, a number of simulations are
performed with respect to various geometrical parameters of
antenna with the help of simulation software [21] to attain the
electromagnetic characteristics of proposed structure. Forma-
tion II: After formation I, the electromagnetic characteristics are
converted into a database and applied to training process by us-
ing machine learning network. Formation III: when formations
I and II are completed, such a network provides the optimized
results of antenna design.
The artificial neural network (ANN) is designed by using

three layers for incoming data, intermediate and outgoing data
respectively as indicated in Figure 1. Here, the first layer is
dedicated to various parameters; the second one is implemented
upon incoming data with the help of 120 neurons; and the third
layer is responsible for optimized data of antenna geometrical
parameters (h and WG). Initially, the dataset is generated by
using CST simulator and applied for training, validation, and
testing process with the help of an ANN network. The ANN
network parametric observation is indicated in Table 1, and ar-
chitecture is shown in Figure 1.
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FIGURE 3. Design process of multiband antenna.

FIGURE 4. Simulated S-parameters S11 results of configuration A, B and C.

To generate a dataset, the envisaged antenna is crafted using
the CST EM simulator. This dataset becomes instrumental for
making predictions. The simulation of the antenna focuses on
two key parameters: the resonant frequency (Freq) and the re-
turn loss or reflection coefficient (S11). Additionally, the gain
of the antenna is also considered as a third parameter in the sim-
ulation.

Following simulations on CST, the results are gathered and
stored. The dataset, obtained through antenna simulation, com-
prises 201 records with 1009 features. This dataset is generated
by varying the antenna’s geometrical parameters, specifically
the height (h) and width (WG). Subsequently, a new dataset is
formulated, encompassing 202,608 records and featuring three
key attributes: resonant frequency (Freq), return loss (dB), and
gain at the resonant frequency.
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(a) (b) (c)

FIGURE 5. Geometrical formation of proposed design.

Dimensions In mm
Substrate Length (LS) 33
Substrate Width (WS) 22

Height (h) 1.6
Feedline Length (LF ) 11
Feedline Width (WF1) 3.16
Feedline Width (WF2) 2
Slotted Length (a3) 4
Slotted Length (a4) 2.5

CSRR Length (L1-CSRR) 7.2
CSRR Width (W1-CSRR) 1
CSRR Length (L2-CSRR) 8
CSRR Width (W2-CSRR) 1.8
Ground Width (WG1) 22
Ground Width (WG2) 10
SRR Length (L1-SRR) 5.09
SRR Width (W1-SRR) 7.02
SRR Length (L2-SRR) 3.49
SRR Width (W2-SRR) 5.42
Slotted Length (a1) 8
Slotted Length (a2) 6
CSRR Gap (g2) 0.2

Ground Length (LG) 9.5
SRR Gap (g1) 0.28
Slotted Gap (g3) 0.5

TABLE 3. Optimized parameters. FIGURE 6. Fabricated formation of proposed antenna.

Figure 2 illustrates a flowchart detailing the implementation
of the machine learning algorithm. Upon reviewing the dataset,
we partitioned it into two segments: the first part constitutes the
training set, while the second part forms the cross-validation
set, following the guidelines in [43]. Subsequently, the training
set is employed to train a machine learning algorithm, incorpo-
rating various features and labels. Once the model is trained
and cross-validated, it becomes capable of predicting the loss
at the resonating frequency for specified inputs. Through ma-

chine learning, predictions are accomplished with significantly
reduced time and a lower error margin than CST simulation re-
sults.
Following the training of machine learning models using the

CST dataset, the optimal model is chosen based on the highest
R-square score and the lowest mean square error (MSE) value.
Subsequently, the dataset is applied to this selected model to
predict the S11 value. The parameters yielding the lowest S11

value are then identified.
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FIGURE 7. Measurement setup.

3. ANTENNA GEOMETRICAL OBSERVATION

The geometry of proposed antenna consisting of the trapezoidal
shape ground and feedline with a slotted octagonal shape radi-
ating patch. The patch and ground section are fabricated on a
1.6mm thick dielectric substrate material of FR4 (εr = 44 and
tan δ = 0.2). The design process of the proposed antenna is
identified on the basis of simulated S-parameter results from
basic UWB antenna (A) to proposed multiband antenna (C) as
shown in Figure 3. Table 2 presents the various characteristics
of the antenna design from configurations A to C.
The proposed design achieves resonance in a penta-band

configuration, catering to the following wireless standards: 5G
Sub-6GHz NR Bands (5G FR1-n48/n78/n79/n96), WiMAX
(3.5GHz),WLAN (5.0), upper X band (10.03–14.29GHz), and
upper Ku band (15.74–19.98GHz), as illustrated in Figure 4.
The operational band from 3.19 to 3.96GHz covers WiMAX
(3.5GHz) and 5G FR1 NR Band (n48; 3.55–3.7GHz and n78;
3.3–3.8GHz) wireless communication applications. The sec-
ond resonating band, spanning 4.65–5.33GHz, is allocated to

WLAN (5.0GHz) and 5G FR1 NR Band (n79; 4.67–5.0GHz)
wireless standards. The third and fourth resonating bands at
6.78–7.54GHz and 10.03–14.29GHz are associated with 5G
FR1 NR Band n96 (6.925–7.125GHz) and upper X band, cov-
ering terrestrial broadband and space communications applica-
tions. The fifth operating band of the proposed antenna design,
ranging from 15.74 to 19.98GHz, is relevant to the upper KU

band for satellite communications applications.
The geometrical formation of proposed multiband metama-

terial antenna is indicated in Figure 5 with top, side, and bot-
tom views. The optimized parameters of antenna arementioned
in tabular form in Table 3. Simulation results of antenna are
achieved with the help of simulator CST Microwave Studio
(CST MWS) software [21], and the antenna is fabricated ac-
cordingly, illustrated in Figure 6.
The measurement process can be performed in an anechoic

chamber with VNA, as represented in Figure 7. From Fig-
ure 8, it is observed that there is good impedance matching over
five operating bands during simulation and experimental pro-
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FIGURE 8. S parameters analysis during simulation and measurement mode.

cess. The simulated and measured antenna characteristics are
observed in Table 4. It is noticed that there is good agreement
between the simulated and measured results.

3.1. Physical Parametric Observations

To achieve the optimized dimensions of the proposed antenna,
parametric study is performed regarding patch, ground, and
feedline dimensions. The parametric study is focused on patch,
feedline, SRR, and CSRR physical parameters. The relative
comparison of the reflection coefficient for various physical
dimensions of antenna is represented in Figures 9 to 13. It is
noticed that the reflection coefficients vary according to the
changes in physical parameters of the proposed design. The
optimized dimensions with improved impedance matching are
tabulated in Table 5.
The optimal design constraints and dimensions of the pro-

posed SRR/CSRR design are determined through parametric
analysis concerning SRR/CSRR dimensions, including length
(L1-SRR and L2-CSRR) and width (W1-SRR and W2-CSRR).
The comparison graph of theS11 parameter is examined for var-
ious values of CSRR dimensions, namely L2-CSRR (7.6, 7.8,
8.0, 8.2mm) andW2-CSRR (1.6, 1.7, 1.8, 1.9mm), as depicted
in Figure 11. The graph clearly indicates that the optimal CSRR
dimensions (length andwidth) yielding a significant antenna re-
sponse are L2-CSRR = 8.0mm andW2-CSRR = 1.8mm, rep-
resented by the red and black lines in Figure 11, respectively.
By optimizing appropriate CSRR dimensions, the structure

can achieve better impedance matching, leading to a note-
worthy output at the claimed frequency. Another observa-
tion is that impedance matching improves when CSRR length
L2-CSRR increases, and widthW2-CSRR decreases in the lower
frequency range (L2-CSRR: below 12GHz, W2-CSRR: below

12GHz). For the higher operating range (L2-CSRR: above
12GHz,W2-CSRR: above 12GHz), impedancematching is en-
hanced by decreasing CSRR length L2-CSRR and increasing
widthW2-CSRR.
The S11 parameter comparison graph explores various di-

mensions of SRR, specifically L1-SRR (4, 5, 5.09, and 6mm)
and W1-SRR (6, 7, 7.02, and 8mm), as illustrated in Fig-
ure 13. The graph clearly reveals that the optimal CSRR di-
mensions (length and width) for a significant antenna response
are L1-SRR = 5.09mm and W1-SRR = 7.02mm, repre-
sented by the red and black lines in Figure 13, respectively.
Through the optimization of these SRR dimensions, the struc-
ture attains improved impedance matching, resulting in a note-
worthy output at the specified frequency. Additionally, it is
observed that impedance matching is enhanced by decreasing
SRR dimensions (L1-SRR andW1-SRR) in the lower frequency
range (L1-SRR: below 10GHz,W1-SRR: below 14GHz). Con-
versely, in the higher operating range (L1-SRR: above 10GHz,
W1-SRR: above 14GHz), impedance matching is improved by
increasing SRR dimensions (L1-SRR andW1-SRR).

3.2. Study of SRR Structure

The simulated waveguide arrangement is implemented to study
the SRR cell as illustrated in Figure 14. The proposed cell con-
sists of two rectangle-shaped metallic rings with split gap. It is
designed on an FR-4 substrate (εr = 4.4, tan δ = 0.02) with
dimensions 5.09×7.02×1.6mm3. A simulated waveguide ar-
rangement is designed to retrieve the effective material param-
eters (permeability µeff/permittivity εeff), refractive index (n),
and wave impedance (z). This setup is established in simu-
lated environment with the help of simulator CST Microwave
Studio (MWS) [21]. The SRR cell is placed between the two
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TABLE 4. Performance analysis.

Resonating Modes Frequency Band (in GHz) Bandwidth (in %) S parameter (S11) (in dB)

Simulated Experimental Simulated Experimental Simulated Experimental

1 3.19–3.96 3.28–3.97 21.54 19.03 −16.12 −16.14

2 4.65–5.33 4.82–5.48 13.63 12.81 −17.28 −13.41

3 6.78–7.54 6.84–7.59 10.61 10.39 −18.32 −14.21

4 10.03–14.29 10.01–14.34 35.03 35.56 −47.68 −25.72

5 15.74–19.98 15.68–19.74 23.74 22.92 −46.52 −24.92

FIGURE 9. Parametric study for patch parameters (branch length a1 and gap g3).

ports 1 and 2 boundary conditions as mentioned in Figure 14.
Incoming EM waves are generated at port 1, pass through the
SRR, and are received at port 2. By using this arrangement,
the simulated S parameters retrieve S11 and S12 to calculate
the effective dielectric parameter of the proposed SRR cell. An
equivalent circuit of SRR cell is designed by using inductor L
and capacitor C, which are connected into parallel formation.
Themetallic section of SRR is responsible for inductiveL com-
ponents whereas the split gap/slots between the metallic rectan-
gular rings generates the capacitive C effect. Inside the setup,
to obtain the measured S parameters (S11 and S12), the pro-
posed SRR is placed at the center location by using adaptors
and connected with VNA [22].
Initially, port 1 is excited by EM waves, and these waves are

passing to port 2 through SRR cell. Due to thesewaves, the con-
duction current is generated and flows from outer conducting
ring to inner ring via gap. The metallic portion and gaps create
the inductive and capacitive effect (distributed capacitance), re-
spectively. The inductance and capacitance values provide the
resonant frequency as follows [23];

fR-SRR =
1

2π
√
LTlCTl

(1)

where

LTl=0.0002

[
{2 (LExtrnal-SRR+WExtenal-SRR)−g1}

{
(loge8)

(LExtrnal-SRR+WExtenal-SRR−0.5g1)

tSRR

}
−K

]
(2)

CTl = 0.5[{(LExtrnal-SRR+WExtenal-SRR)

−π (tSRR+0.5g′)−g1}{(0.3×10−8)(
√
εe/Z0)}

+{(8.85× 10−12)h′tSRR/g1}] (3)

where LExtrnal-SRR = Length (External rectangular SRR
ring),WExtrnal-SRR =Width (External rectangular SRR ring),
g1 = Split gap, tSRR = Thickness, K = Constant (2.4512),
g′ = Rectangular SRR ring’s gap, εe = Effective permittivity
of the medium, Z0 = Characteristic impedance, h′ = Height
of the conducting strip.
The effective dielectric parameter (permeability: µeff.) is

identified from following equations [23, 24];

µeff. = nr × zi (4)

where
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TABLE 5. Parametric observation for optimized dimensions of proposed structure.

Sr. No. Physical dimensions Impedance matching Optimized value

1
Radiating
section
Patch

Arm side length
(a1 = 6mm,

7mm, 8mm, 9mm)

Resonance spam
(2GHz to 12GHz)

Enhanced: a1

is decreases
8mm

Resonance spam
(12GHz to 20GHz)

Enhanced: a1

is increases

Split gap
(g3 = 0.1mm,

0.3mm, 0.5mm, 0.7mm)

Resonance spam
(2GHz to 12GHz)

Enhanced: g3
is decreases

0.5mm
Resonance spam

(12GHz to 20GHz)
Enhanced: g3
is increases

2 Feedline parameters

Length
(LF = 9mm,

10mm, 11mm, 12mm)

Resonance spam
(2GHz to 12GHz)

Enhanced: LF

is increases
11mm

Resonance spam
(12GHz to 20GHz)

Enhanced: LF

is decreases
Width

(WF1 = 2.5mm,
3.0mm, 3.16mm,
3.5mm, 4.0mm)

Resonance spam
(2GHz to 12GHz)

Enhanced: WF1

is increases
3.16mm

Resonance spam
(12GHz to 20GHz)

Enhanced: WF1

is decreases

Width
(WF2 = 1.8mm,

2.0mm, 2.2mm, 2.4mm)

Resonance spam
(2GHz to 12GHz)

Enhanced: WF2

is increases
2.0mm

Resonance spam
(12GHz to 20GHz)

Enhanced: WF2

is decreases

3 CSRR parameters

Length
(L2-CSRR = 7.6mm,

7.8mm, 8.0mm, 8.2mm)

Resonance spam
(2GHz to 12GHz)

Enhanced: L2-CSRR

is increases
8.0mm

Resonance spam
(12GHz to 20GHz)

Enhanced: L2-CSRR

is decreases

Width
(W2-CSRR = 1.6mm,

1.7mm, 1.8mm, 1.9mm)

Resonance spam
(2GHz to 12GHz)

Enhanced: W2-CSRR

is decreases
1.8mm

Resonance spam
(12GHz to 20GHz)

Enhanced: W2-CSRR

is increases

4
Ground

Parameters

Length
(LG = 8.5mm,

9.0mm, 9.5mm, 10.0mm)

Resonance spam
(2GHz to 12GHz)

Enhanced: LG is
increases

9.5mm
Resonance spam

(12GHz to 20GHz)
Enhanced: LG

is decreases

Width
(WG1 = 20mm,

21mm, 22mm, 23mm)

Resonance spam
(2GHz to 12GHz)

Enhanced: WG1

is increases
22mm

Resonance spam
(12GHz to 20GHz)

Enhanced: WG1

is decreases

5
SRR

dimensions

Length
(L1-SRR = 4mm,

5mm, 5.09mm, 6mm)

Resonance spam
(2GHz to 12GHz)

Enhanced: L1-SRR

is decreases
5.09mm

Resonance spam
(12GHz to 20GHz)

Enhanced: L1-SRR

is increases

Width
(W1-SRR = 6mm,

7mm, 7.02mm, 8mm)

Resonance spam
(2GHz to 12GHz)

Enhanced:
W1-SRR

is decreases 7.02mm

Resonance spam
(12GHz to 20GHz)

Enhanced:
W1-SRR

is increases
]
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FIGURE 10. Parametric study for feedline parameters (LF ,WF1 andWF2).

Refractive index (nr) = (1/k1ts) cos−1
[
(1/2S21)

{
(1 + S21)

2 − 2S21 − (S11)
2
}]

(5)

Impedance (zi) =
[{
(1 + S11)

2 − (S21)
2
}
/
{
(1− S11)

2 − (S21)
2
}]1/2 (6)

Wave number k1 = (ω)/c (speed of light), Slab (substrate
material) thickness = ts.
During design evolution of proposed design, configuration

C represents the modified rectangular shape SRR structure,
placed at the ground plane, to achieve the penta-band resonating
characteristics (from Figures 2 and 3). An additional operating
band at 3.51GHz is achieved for WiMAX application by intro-
ducing the proposed SRR cell inside the ground section. The
design parameters of the proposed rectangular SRR geometry
for resonant frequency f1 are identified by the following equa-
tions:

PMRSRR-Ext = 2 (L1-SRR +W1-SRR − g1) =
λgw

2

=
c

2f1
√
εeff

(7)

εeff = 0.5 (εr + 1) +
0.5 (εr − 1)√
1 + 12hsubst

Wfeed

(8)

Here, PMRSRR-Ext represents the perimeter of the exter-
nal modified rectangular shape split rings respectively that are
function of length (L1-SRR), width (W1-SRR), and gap (g1),
respectively, (Figure 4(c)). For the proposed SRR to resonate
at f1, the external perimeter PMRSRR-Ext should be approxi-
mately equal to half of the guided wavelength (λgW ) at that re-
spective frequency. Another parameter, the effective dielectric
constant (εeff), is derived by using Equation (8), which is depen-
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FIGURE 11. Parametric study for CSRR parameters (length L2-CSRR and widthW2-CSRR).

FIGURE 12. Parametric study for ground parameters (LG andWG1).

dent upon the substrate height (hsubst), feedlinewidth (Wfeed),
and relative permittivity of substrate (εr), respectively [24].
The setup provides the S parameters (transmission: S21 and

reflection coefficients: S11), which are used to retrieve the ef-
fective dielectric parameters of proposed SRR [23, 24]. From
Figures 15 and 16, it is observed that the SRR transmission
peak (from comparison of simulated and measured S param-
eters) and negative permeability characteristics (from compar-
ison of negative permeability characteristics) are achieved at
3.51GHz. The SRR represents the single negative behavior
at 3.51GHz. The S parameter comparative plots indicate that
S11 and S21 are above and below the −10 dB level respec-

tively at the resonant peak of 3.51GHz. The comparative plot
of SRR regarding negative permeability characteristics indicate
the negative value of effective permeability at 3.51GHz.

3.3. Study of CSRR Structure

The proposed CSRR structure is designed by etching two rect-
angular shape sections with gap at feedline. The negative
dielectric property is obtained by using waveguide setup, as
shown in Figure 17. The simulated setup is helpful to gener-
ate the S parameters (S11 and S12). These parameters are used
to calculate the effective permeability characteristics of meta-
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FIGURE 13. Parametric study for SRR parameters (length L1-SRR and widthW1-SRR).

FIGURE 14. SRR structure: Simulated waveguide method and an equivalent circuit.

material cell CSRR. From Figure 18, an equivalent model of
CSRR consists of inductor Lo and capacitor CCSRR in par-
allel formation to create the resonant characteristics [25]. To
retrieve the experimental S parameters, a waveguide setup is
established where proposed CSRR is placed at the center posi-
tion, and VNA is applied.
Inside the setup, by applying the appropriate boundary con-

ditions as indicated in Figure 17, the operating frequency
(freson-CSRR) is obtained as [25];

fr =
1

2π
√
L0CCSRR

(9)

CCSRR =(NP −1)(0.5J0)[{2Lp−(2Np−1) (Wp+g2)}] (10)

J0 = ε0{G(
√
1−G2)/G(t)} (11)

t = (g2/2)/{(Wp) + (g2/2)} (12)
Lo = 4µ0[{Lp−(Np−1)}{Wp+g2}][ln(0.98/s)+1.84s](13)
s = [{(Np−1) (Wp+g2)}/{1−(Np−1) (Wp+g2)}] (14)

where G(t) = Elliptical integration formation, Np = No. of
rings Lp = Internal ring length, Wp = Internal ring width, and
g2 = split gap.
According to the duality principle, a CSRR structure repre-

sents the dual element formation of an SRR structure. The pro-
posed CSRR structure exhibits passband filter characteristics at
5.02GHz. From Figure 19, the comparative plots of S parame-
ters of CSRR cell represent the passband behavior at 5.02GHz.
S parameters are obtained by using waveguide setup [25]. The
proposed CSRR cell is placed inside the waveguide setup with
boundary condition of PEC (Perfect Electric Conductor) and
PMC (Perfect Magnetic Conductor), as illustrated in Figure 17.
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FIGURE 15. SRR Cell: Comparison of S parameters. FIGURE 16. SRR Cell: Comparison of negative permeability character-
istics.

FIGURE 17. CSRR Cell: setup with boundary conditions.

The EM wave is applied at port 1, which passes through the
CSRR structure, and the transmission (S21) and reflection (S11)
coefficients are measured at port 2 by using VNA.
The proposed CSRR structure exhibits the features of mag-

netic resonator by which it represents the negative permeabil-
ity characteristic at operating frequency 5.02GHz. This char-
acteristic is produced due to the orthogonal orientation of the
electric field. As per the comparative analysis of S parame-
ters from Figure 19, the transmission coefficient (S21 parame-
ter) and reflection coefficient (S11 parameter) exist at zero level
(< −1 dB) and below the reference level (−10 dB) respectively
for resonant mode at 5.02GHz. This S parameter analysis in-
dicates the passband characteristics of proposed CSRR cell at
5.02GHz. Another observation is related with the compara-
tive analysis of real and imaginary sections of permittivity, as
shown in Figure 20. The real section of permeability is neg-
ative for operating mode at 5.02GHz (negative permeability
features).

4. RESULT ANALYSIS

The current distributions of proposed antenna at various reso-
nant frequencies are shown in Figure 21. It is observed that
the current vectors are mostly present at SRR cell for resonant
mode 3.51GHz. For next higher operating mode 5.02GHz,
vectors are mainly allocated across the CSRR structure. The
major portion of current distribution is shifted along the slotted
section of radiating patch for higher resonant frequencies 6.52,
10.78, 13.57, and 16.82GHz, as illustrated in Figure 21. It is
also noticed that the proposed design achieves broadband with
good impedance matching characteristics for higher resonant
frequencies [26, 27].
The comparative plots of antenna peak gain and radiation ef-

ficiency of the proposed design are illustrated in Figures 22 and
23, respectively. The peak gain values and percentage radi-
ation efficiency at various resonant frequencies and achieved
wireless standards are mentioned in Table 6. From Table 6, it
is noticed that the proposed design attains the maximum peak
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FIGURE 18. CSRR: An equivalent circuit.

FIGURE 19. CSRR: Comparative plot of S parameters.

TABLE 6. Comparison of antenna peak gain and radiation efficiency (simulation and measurement mode).

Wireless Communication modes Antenna peak gain (in dBi) Radiation efficiency (in %)
Simulated Experimental Simulated Experimental

WiMAX (3.51GHz) 2.82 2.49 81.12 74.92
WLAN (5.02GHz) 1.71 0.86 79.34 59.96

Upper C-band (6.92GHz) 1.62 1.34 79.98 75.68
Upper X band (10.78GHz) 2.87 2.23 76.24 73.52
Lower Ku band (13.57GHz) 3.59 3.21 85.42 81.79
Upper Ku band (16.82GHz) 3.62 3.32 86.52 82.06
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FIGURE 20. CSRR: Comparative Plot of permeability.

FIGURE 21. Current distribution at resonant frequencies of proposed antenna.
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FIGURE 22. Comparative plot of antenna peak gain during simulation
and measurement mode.

FIGURE 23. Comparative plot of antenna radiation efficiency during
simulation and measurement mode.

FIGURE 24. Patterns at 3.51, 5.02, 6.52, 10.78, 13.57, and 16.82GHz.
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(a)

(b)

(c)

(d)

(e)

(f)

FIGURE 25. Proposed design experimental radiationE andH-plane patterns (a) 3.51GHz, (b) 5.02GHz, (c) 6.52GHz, (d) 10.78GHz, (e) 13.57GHz,
and (f) 16.82GHz.

gain and radiation efficiency of 3.62 dBi and 86.52% at upper
Ku band (16.82GHz). It is also observed that the average effi-
ciency of proposed design is more than 70% for all the achieved
wireless standards.
The radiation patterns of proposed design regardingE andH

plane (co/cross polarization mode) are plotted for various res-
onant modes, as illustrated in Figure 24. It is observed that the
patterns are dipole like/bi-directional nature for E-plane and
omnidirectional for H-plane. There is a good agreement be-
tween the simulated and experimental radiationE andH plane
patterns. The antenna’s radiation patterns are assessed in an
anechoic chamber, with the test setup positioned at a far-field
distance (i.e., R ≫ 2D2/λ, as per the Friis equation). Mea-
surements were taken at 5◦ intervals from 0◦ to 360◦ in both the
xy and yz planes forE andH planes, respectively, considering
Co/Cross Polarization Mode. The simulated and experimental
radiation characteristics of the antenna at operating frequencies
of 3.51, 5.02, 6.52, 10.78, 13.57, and 16.82GHz in both xy (E)
and yz (H) planes are illustrated in Figure 24. Notably, the an-
tenna exhibits an almost dipole-like pattern in the xy-plane and

an omnidirectional pattern in the yz-plane. Any irregularities
in the pattern may be attributed to fabrication tolerances and
cable losses.
The focus of the radiation characteristics is on observing the

relativeE/H field strength concerning the antenna design. Pat-
terns are identified at a single frequency, single polarization,
and single-plane cut. The E and H plane patterns are pre-
sented in either polar or rectilinear form, utilizing a dB strength
scale. Measurement of patterns in the far field mode within the
anechoic chamber is conducted using an ainfonic horn antenna
(model no. LB-10180). The measured E and H-plane radia-
tion patterns of the proposed antenna design in the x-y and y-z
planes, under conditions of θ = 0◦ and φ = 90◦, at resonant
frequencies 3.51, 5.02, 6.52, 10.78, 13.57, and 16.82GHz are
depicted in Figure 25. It is observed that the antenna exhibits
stable radiation characteristics with an almost omnidirectional
radiation pattern in the yz-plane (H), while a bi-directional ra-
diation pattern in the xy-plane (E) is evident at the resonating
frequencies, respectively.
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TABLE 7. Comparative observation of proposed design.

Reference
No. and

publication
year

Proposed
structure
dimensions

SRR/CSRR
Cell

Implementation

Achieved
bandwidth

Achieved
peak Gain
value

Achieved
peak

Efficiency
value

No. of covered
operating
wireless

bands/modes

[28]
(2015)

1000mm3

Metamaterial
CSRR
structure

131.81
percentage

1.05 dBi 64.80
percentage

one

[29]
(2017)

2560mm3 Metamaterial
SRR structure

100, 109.86
percentage

6.00 dBi 70.00
percentage

two

[30]
(2018)

180000mm3 Metamaterial
SRR structure

41.97
percentage

8.00 dBi – one

[31]
(2019)

768mm3 Metamaterial
SRR structure

3.28,
24.95

percentage

2.28,
1.96 dBi

62.53,
93.25

percentage
two

[32]
(2019)

160200mm3 Metamaterial
SRR structure

16.13
percentage

14.00 dBi – one

[33]
(2020)

544mm3 Metamaterial
SRR structure

62.88
percentage

3.0 dBi 93
percentage

one

[34]
(2021)

326095mm3 Metamaterial
SRR structure

23.63
percentage

11.90 dBi 78.00
percentage

one

[35]
(2021)

960mm3 Metamaterial
CSRR structure

9.18, 34.21,
46.38

percentage

1.8, 2.5,
3.4 dBi

– three

Proposed
Antenna
Structure

1161.6mm3

Metamaterial
SRR and
CSRR
structure

21.54, 13.63,
10.61, 35.03,

23.74
percentage

2.51, 1.52,
1.51, 2.48,

3.58, 3.62 dBi

81.28, 79.98,
82.34, 76.84,

86.52
percentage

five

Table 7 provides the comparative analysis proposed design
with previously published antenna on the basis of various char-
acteristics of the metamaterial antennas. As per the observation
from Table 7, the proposed antenna design indicates the im-
proved antenna characteristics as compared with the available
antennas in the literature.

5. CONCLUSION
The proposed metamaterial loaded penta band antenna
for 5G Sub-6GHz NR Bands and wireless applications
WLAN/WiMAX/X/Ku band is designed, fabricated, and
tested. The antenna shows the compactness in size with
dimensions of 33 × 22 × 1.6mm3 and operating over the
five resonating modes at 3.19–3.96GHz, 4.65–5.33GHz,
6.78–7.54GHz, 10.03–14.29GHz, and 15.74–19.98GHz to
cover the wireless standards 5G New Radio (FR1-n48/ n78/
n79/ n96), WiMAX (3.51GHz), WLAN (5.02GHz), Upper
C-band (6.92GHz), Upper X band (10.78GHz), and Upper
Ku band (16.82GHz). The structure exhibits a reasonable gain
and more than 70% average radiation efficiency for all the
resonance bands. The negative parameter of the proposed SRR
and CSRR metamaterial structure has been investigated and
verified from the permeability graph. The simulated results are
on par with the measured ones.
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