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ABSTRACT: In this article, the authors propose the design and implementation of a frequency reconfigurable metamaterial-inspired
octagon-shaped antenna for multiple wireless standards. The multiband functionality is achieved by incorporating a slotted self-similar
octagonal radiating part with two SRR cells. The antenna design incorporates PIN diode switching elements on the slotted radiating
patch, along with metamaterial-based SRR cell loading and a modified trapezoid-shaped partial ground plane, enabling its use across
multiple wireless standards. The proposed design is resonating across five microwave frequency bands, including S-band WiMAX
(3.5GHz— IEEE 802.16e), 5G NR bands (n48: 3.55–3.70GHz, n46: 5.15–5.925GHz, n47: 5.855–5.925GHz, n77: 3.3–4.2GHz, n78:
3.3–3.8GHz, n79: 4.4–5.0GHz), C-band WLAN (5.0/5.8GHz — IEEE 802.11a/ac), X-band (satellite communication, radar, terrestrial
broadband, space communication), lower Ku-band for radar communication (13.43–14.55GHz), upper Ku-band for molecular rotational
spectroscopy (17.25–18.32GHz), and lower K-band for astronomical observation services (18.81–19.96GHz). The multiband antenna is
then fabricated and tested, with measured and simulated results for return loss, gain, radiation efficiency, E-plane, andH-plane showing
good agreement. The antenna’s penta-band operation, compact size, stable radiation characteristics, and good impedance across the entire
resonating band make it well-suited for various wireless applications.

1. INTRODUCTION

Recently, advancements in multiband and miniaturization
technologies for antenna design have accelerated signifi-

cantly. Implementing a multiband antenna approach in smart-
phones enables operation across different wireless communi-
cation standards. Various techniques are available to achieve
multiband functionality and miniaturization within a single an-
tenna design, including feeding methods [1–3], slotted radiat-
ing/ground sections [4–9], metamaterial loading [10–14], and
the fractalization approach [15]. The slotted patch/ground
plane formation helps achieve antenna miniaturization while
adding resonant bands for various wireless applications by in-
ducing electric current perturbation [16–18]. Additionally, the
metamaterial loading method has gained substantial attention
in multiband smart antenna design, as it increases the number
of resonant bands. The growing interest in metamaterials is at-
tributed to their unique properties of negative permeability and
permittivity. Numerous metamaterial-inspired multiband an-
tennas have been published and reported in the literature [19–
22]. For instance, Sharma et al. [19] developed a metamaterial-
loaded triple-band antenna for WLAN and WiMAX. Simi-
larly, in [20–22], metamaterial split ring resonator (SRR)-based
multiband antennas were proposed for multiple wireless appli-
cations. Ali et al. [23] designed a quad-band antenna, achiev-
ing size miniaturization and bandwidth enhancement by incor-
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porating slot etching, fractalization, and metamaterial loading
techniques.
The hybrid integration of metamaterials and fractal sections

in antenna design proves effective in enhancing impedance
matching, gain, radiation efficiency, the number of operating
bands, and bandwidth [24–28]. In [29], researchers demon-
strated an antenna design that achieved gain improvement
and size reduction through the use of SRR. A compact
metamaterial-inspired open split-ring resonator (OSRR)
antenna, offering a 38.83% size reduction, is proposed for
multiband operation, covering WLAN, WiMAX, and X-
band applications [30]. Additionally, a metamaterial-loaded
multiband antenna with frequency band reconfigurabil-
ity using a switching element (RF diode) was introduced
in [31, 32]. Specifically, in [31], a frequency-reconfigurable,
metamaterial-loaded triple-band antenna is developed for
WLAN and WiMAX standards. In [32], a vertex-fed an-
tenna with six resonating bands is introduced, showcasing
frequency-reconfigurability features designed for various wire-
less standards. Furthermore, multiband antennas operating
over UWB as well as various wireless standards employ a de-
fected ground structure (DGS) along with metamaterial loading
were designed for wireless applications [33, 34, 62–66].
Despite the considerable progress in multiband and minia-

turized antenna technologies, many existing designs face
limitations such as restricted operating bands, insufficient
frequency reconfigurability, or trade-offs in size reduction,
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TABLE 1. Active radiating section miniaturization calculation for proposed design.

Parameters
Active Patch
Area (in mm2)

Operating Mode

Conventional Antenna 309.02 UWB (3.1–10.6GHz)
Proposed Antenna
(Configuration C)

156.78 WLAN/WiMAX/X/Ku/K

% Miniaturization achieved
(w.r.t. conventional antenna)

49.26 Multiple Band

bandwidth, and radiation efficiency. To bridge these gaps, the
proposed frequency reconfigurable slotted self-similar patch
antenna integrates slotted geometry with metamaterial loading,
enabling simultaneous multiband operation, compactness, and
enhanced performance. By incorporating two metamaterial
cells along with a self-similar slotted structure, the design
successfully achieves penta-band characteristics, offering wide
coverage acrossWiMAX, 5GNR bands, WLAN, X-band Earth
exploration-satellite services, Amateur satellite bands, Lower
and Upper Ku bands, and the Lower K band. This hybrid
approach effectively addresses the challenges of conventional
multiband designs by combining miniaturization, improved
impedance matching, and frequency agility, thereby providing
a versatile solution for next-generation wireless communica-
tion systems. The proposed structure demonstrated operating
bands of 3.21–6.15GHz (62.82%), 6.97–12.76GHz (58.69%),
13.43–14.55GHz (8.01%), 17.25–18.32GHz (6.02%), and
18.81–19.96GHz (5.93%) in simulation mode. Under mea-
surement mode, it yielded operating bands of 3.20–5.98GHz
(60.57%), 7.10–12.78GHz (57.14%), 13.51–14.52GHz
(7.21%), 17.34–18.32GHz (5.49%), and 18.86–19.96GHz
(5.67%), covering wireless standards such as S-band WiMAX
(3.5GHz), 5G NR bands (n48, n46, n47, n77, n78, n79),
C-band WLAN (5.0/5.8GHz), X-band (8–12GHz), Lower
Ku-band (13.98GHz radar communication), Upper Ku-band
(17.76GHz molecular rotational spectroscopy), and Lower K-
band (19.35GHz astronomical observations). The frequency
reconfigurability is achieved through the use of PIN diodes,
which are placed between the slotted hexagonal radiating
segments and the edges of the octagonal patch area.
The paper is structured as follows. First, the design evolu-

tion of the metamaterial-inspired slotted multiband antenna for
wireless applications is presented. It is followed by a detailed
design analysis of the proposed octagon-shaped slotted radiat-
ing geometry, along with the metamaterial SRR and its impact
on antenna performance. Afterward, the frequency band recon-
figurability features of the design concerning various wireless
standards are implemented. Finally, the fabrication and test-
ing results are discussed and compared with the simulated out-
comes.

1.1. Novelty of Proposed Design

The novelty of the proposed design is identified as: (i) The
miniaturization of the proposed design is achieved by about
49.26% regarding active patch area (mentioned in Table 1);

(ii) Designed/analysed miniaturized multiband antenna is
loaded with metamaterial SRR cells to cover the penta band
characteristics for wireless applications; (iii) Frequency recon-
figurability for various wireless communication applications
is achieved by integrating PIN diodes into the design, as
outlined in Table 3, which summarizes the different diode
states and the corresponding wireless applications; and (iv)
Various antenna parameters (gain/radiation efficiency/resonant
bands/patterns/size/current distribution) are discussed and
compared with related literatures (published multiband an-
tenna) in tabulation form. These parameters are compared with
previously published antenna designs in tabular form (Table 2).
Finally, the outcomes of the proposed work are concluded.

2. EVOLUTION OF PROPOSED MULTIBAND AN-
TENNA
This section outlines the evolution stages of the proposed penta-
band antenna. The stages, along with the corresponding sim-
ulated reflection coefficient (S11), are illustrated in Figures 1
and 2, respectively. The antenna is compact, measuring 29.5×
22 × 1.6mm3, and is fabricated on a low-cost FR4 substrate
with a relative dielectric constant of 4.4 and a loss tangent of
0.02. The use of an octagon-shaped patch radiator in microstrip
antenna design offers several advantages over conventional ge-
ometries. The octagonal shape naturally supports multiband
operation, as its multiple edges and corners introduce addi-
tional resonant paths that enhance frequency diversity. This
geometry also contributes to antenna miniaturization, allow-
ing lower resonant frequencies to be achieved within a rela-
tively compact footprint, making it suitable for modern wire-
less and portable devices. Moreover, the symmetrical struc-
ture of the octagon improves the current distribution, which
enhances impedance bandwidth and provides more stable ra-
diation characteristics with reduced cross-polarization. The
geometry further offers flexibility for incorporating slots and
metamaterial loading, enabling improvements in gain, band-
width, and frequency reconfigurability. With appropriate feed-
ing arrangements or perturbations, the octagonal patch can also
achieve polarization diversity, supporting both linear and circu-
lar polarization, which is highly beneficial for satellite, radar,
and mobile communication systems. Additionally, the multi-
ple vertices of the octagon provide natural points for the in-
tegration of switching elements, such as PIN diodes or var-
actors, making it well-suited for reconfigurable antenna de-
signs. Overall, the octagonal patch radiator combines com-
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TABLE 2. Comparison of proposed slotted metamaterial inspired multiband antenna with existing work.

Ref. Year
Dimensions

(mm3)

Operating

Bandwidth

(%)

Antenna

Peak Gain

(dBi)

Antenna

Radiation

Efficiency (%)

Resonant

Bands/

Modes

Wireless

Applications/

Standards (GHz)

Frequency

Reconfiguration

Approach

Metamaterial

Implementation

[11] 2013
52.6 × 30

× 1
47.27/38.88 − 0.56/− 0.62 89.2/98.1 2 GPS/WLAN No Yes

[7] 2014
40 × 40

× 1.6
34.48/18.28/19.96 3.97/4.04/3.25 – 3 WLAN/WiMAX No No

[5] 2015
56 × 44

× 0.8

5.56/5.86/

19.34/13.69

1.3/2.3/

3.5/4.4

76.8/80.1/

96.6/85.5
4

GPS/WLAN/

WiMAX
No No

[6] 2015
40 × 40

× 0.4
12.2/15.4 2.1/3.2 71.2/84.1 2 WLAN/UWB Yes No

[31] 2015
27 × 25

× 1.6
18.6/4.3/40.3 0.7/2.1/2.8 – 3 WLAN/WiMAX Yes Yes

[12] 2016
48 × 48

× 1.6
20.73/15.02/31.96 1.64/2.07/4.06 66.2/77.15/87.6 3 GPS/WLAN No Yes

[13] 2017
19.18 × 22.64

× 1.6
2.4/3.2/12.1 1.36/1.57/1.83 – 3

UMTS/WiMAX/

WLAN
No Yes

[14] 2018
32 × 38

× 1.6
8/6/5/69.3 3.8 (Avg. Gain)

89% (Avg.

Rad. Eff.)
4

WLAN/WiMAX/

ITU/X band
No Yes

[9] 2018
40 × 40

× 1.5748

15.1/3.45/12.59/

3.33/3.25/

5.4/16.58

3.48/3.02/4.49/

4.25/3.59/

3.81/5

– 7
WLAN/WiMAX/

PAN/OFDM
No No

[23] 2018
30 × 24.8

× 1.6

3.5/5.01/

13.2/5.77

1.35/1/

1.07/1.75
– 4

WiMAX/

X band
No Yes

[37] 2018
24 × 24

× 1.28
3.94 – – 1 WiMAX/ISM Yes No

[33] 2019
44 × 39

× 1.6

5.11/7.33/11.70/

6.38/12.03/5.62

2.72/3.81/2.12/

2.78/3.68/4.10

41.2/84.7/52.8/

69.7/78.8/76.9
6

WLAN/WiMAX/C/

X/Ku band
No No

[32] 2019
44 × 39

× 1.6

5.11/7.33/11.70/

6.38/12.03/5.62

2.72/3.81/2.12/

2.78/3.68/4.10

41.2/84.7/52.8/

69.7/78.8/76.9
6

WLAN/WiMAX/C/

X/Ku band
Yes No

[36] 2019
30 × 44

× 1.6
11.49/24.48/25.51 1.78/2.12/2.48 75.62/74.45/76.32 3 WLAN/WiMAX Yes Yes

[22] 2019
35 × 34

× 1.6

11.81/4.27/4.29/

6.62/3.27/

4.22/8.13

1.94/2.2/1.66/

3.87/3.65/

4.06/4.14

41.5/48.6/58.1/

60.1/84.4/

78.7/82.1

7
WLAN/WiMAX/C/

X/Ku band
No Yes

[52] 2020
30 × 44

× 1.6

8.80/38.78/

15.54/35.45

2.63/2.58/

2.82/2.99

33.5/38.8/

84.4/72.8
4

WLAN/WiMAX/

WAVE/C/X band
No Yes

[53] 2021
36 × 32

× 1.6

84/85.32/35.45/

10.79/15.82
– – 5

LTE 2300/LTE 2500/

Bluetooth/WLAN/

WiMAX/ITU band

No No

[54] 2021
50 × 50

× 0.8
16.17/17.85/8.30 5.42/6.52/7.67 – 3 Wi-Fi/WLAN/X-band No No

[55] 2022
150 × 75

× 0.8
46.71 5.01 50–63 1

5G NR bands

N77/N78/N79
No No

[56] 2022
150 × 75

× 7.8
60.87 – 38–83 1

5G NR n77/n78/n79

and WLAN
No No

[57] 2023
58.6 × 58.6

× 0.8
14.08 4.8 76 1 5G NR n77 No No

[58] 2024
35 × 30

× 1.6
40.8/22.3 3.87/3.93 80.12/82.34 2 Wi-Fi, 5G NR No Yes

[59] 2024
31.8 × 27.

× 1.6
43/25/15 1.5/4.1/6.5 Less than 75 3

5G NR sub-band,

X band, and Ku band
No Yes

[60] 2024
37 × 22

× 1.6

24.77/14.03/36.04/

46.21/14.35

2.36/2.72/3.41/

3.18/4.38

63.56/71.07/48.42/

69.82/72.87/86.23
5

WLAN, WiMAX,

X-band, 5G NR

bands, Lower Ku band

No Yes

Proposed

antenna

29.5 × 22

× 1.6

62.82/58.69/8.01/

6.02/5.93

2.24/3.32/3.72/

3.21/4.38

62.07/74.18/80.78/

81.12/84.98
5

WiMAX, WLAN,

5G NR, Lower

and upper Ku band,

Lower K band

Yes Yes
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TABLE 3. Frequency reconfiguration: PIN diode biasing states demonstrating the associated frequency bands and their applications.

PIN diode
biasing states

Frequency bands (in GHz) 10-dB bandwidth (%) Achieved wireless
standardsSim. Meas. Sim. Meas.

D1: ON state
D2: ON state

6.21–10.94, 17.22–18.37,
18.76–19.91

6.84–10.64, 17.26–18.35,
18.79–19.90

55.16, 6.46, 5.95 43.48, 6.12, 5.74
Triple-Band

X-band, Upper Ku band,
Lower K-band

D1: ON state
D2: OFF state

3.36–4.25, 6.52–13.92,
17.21–8.35, 18.83–19.98

3.28–4.22, 7.01–13.91,
17.25–18.34, 18.84–19.96

23.39, 72.41,
6.41, 5.93

25.07, 65.96,
6.12, 5.77

Quad-Band
S band WiMAX, X-band,

Upper Ku band, Lower K-band

D1: OFF state
D2: ON state

3.36–4.25, 6.52–13.92,
17.21–8.35, 18.83–19.98

3.28–4.22, 7.01–13.91,
17.25–18.34, 18.84–19.96

23.39, 72.41,
6.41, 5.93

25.07, 65.96,
6.12, 5.77

Quad-Band
S band WiMAX, X-band,

Upper Ku band, Lower K-band

D1: OFF state
D2: OFF state

3.21–6.15, 6.97–12.76,
13.43–14.55, 17.25–18.32,

18.81–19.96

3.20–5.98, 7.10–12.78,
13.51–14.52, 17.34–18.32,

18.86–19.96

62.82, 58.69, 8.01,
6.02, 5.93

60.57, 57.14, 7.21,
5.49, 5.67

Penta-Band
S band WiMAX,
C band WLAN,

5G NR bands, X-band,
Lower Ku band,
Lower K band

FIGURE 1. Slotted octagonal SRR antenna — Antenna evolution: Configurations I, II, and III.

FIGURE 2. Simulated S11 of proposed slotted multiband antenna for
configurations I, II, and III.

pactness, multiband capability, stable radiation performance,
and design flexibility, making it an attractive choice for ad-

vanced wireless applications. As shown in Figure 1, the initial
design (Stage I) features an octagonal radiating patch fed by a
trapezoidal microstrip line, covering an ultra-wideband (UWB)
single mode. In Stage II, an octagonal slot with six sections
and two hexagonal slotted geometries are introduced within
the radiating patch. This modification enables the antenna to
resonate at multiple bands: 5.28GHz [3.24–6.42GHz (S-band
WiMAX, C-band WLAN)], 8.98GHz [8–12GHz (X-band)],
and 13.78GHz [13.23–14.66GHz (Lower Ku-band)], as shown
in Figures 1 (Stage II) and 2. The slotted octagonal and hexag-
onal sections within the radiating patch generate current per-
turbation, enabling triple-band operation. In Stage III, two
SRR (split-ring resonator) cells are integrated into the radiating
part, introducing additional resonant bands for wireless stan-
dards such as WiMAX, 5G NR bands, WLAN, X-band, Lower
Ku-band, Upper Ku-band, and Lower K-band. The SRR cells
create a new resonant band at 3.51GHz (WiMAX: Upper S-
band) due to their negative permeability characteristics, which
drive solenoidal currents in the SRR rings, leading to a mag-
netic response. In this final stage, the proposed design achieves
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FIGURE 3. Feedline widths parametric analysis.

FIGURE 4. Ground dimensions parametric analysis.

a penta-band configuration, covering wireless standards such as
S-band WiMAX (3.5GHz), 5G NR bands (n48, n46, n47, n77,
n78, n79), C-band WLAN (5.0/5.8GHz), X-band (8–12GHz),
Lower Ku-band radar (13.98GHz), Upper Ku-band molecular
rotational spectroscopy (17.76GHz), and Lower K-band astro-
nomical observations (19.35GHz), as shown in Figures 1 and 2
(Stage III). The slotted formation and SRR cell integration cre-
ate current perturbations in the antenna structure, resulting in
the penta-band configuration.
The parametric analysis of the proposed slotted

metamaterial-inspired multiband antenna reveals that the
feedline widths (Wf1 & Wf2) and ground plane dimensions
(LG & WGR2) significantly influence antenna performance.
As shown in Figure 3, adjusting the feedline widths (Wf1

from 2 to 4mm and Wf2 from 0.5 to 2mm) leads to optimal
impedance matching (S11) across five operating bands when
Wf1 is set to 3.16mm and Wf2 to 1.2mm. It is also observed
that, at lower resonant frequencies (below 9GHz), reducing
the feedline widths enhances S11 performance, whereas at
higher frequencies (above 10GHz), increasing the feedline
widths improves the impedance matching.

The ground plane dimensions of the antenna are also ana-
lyzed to evaluate their effect on performance, particularly with
variations in LG from 6 to 10mm andWGR2 from 8 to 12mm.
Optimized impedance matching (S11) is achieved when the
ground length (LG) is 8mm and the ground width (WGR2) is
10mm, as shown in Figure 4. Additionally, varying the ground
dimensions helps control the impedance matching across the
resonant bands. Increasing both LG and WGR2 generates ad-
ditional operating bands with improved bandwidth. As de-
picted in Figure 4, at lower resonant frequencies (below 9GHz),
reducing the ground dimensions enhances impedance match-
ing, while at higher frequencies (above 10GHz), increasing the
ground dimensions improves performance. The optimized an-
tenna performance is thus achieved through careful parametric
investigation of feedline widths and ground dimensions.
In design step-II (Figure 1), the proposed antenna incorpo-

rates an octagon-shaped slot within the radiating patch, fea-
turing six octagonal and two hexagonal slotted sections ar-
ranged in a triple-duplication pattern. This configuration en-
ables the antenna to achieve multiband characteristics, resonat-
ing at 5.81, 8.85, 14.24, and 19.31GHz, as illustrated in Fig-
ure 5. The slotted octagonal and hexagonal geometries in-
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FIGURE 5. Simulated S11 for duplication states of the slotted octago-
nal/hexagonal geometry of the proposed antenna.

duce current perturbation in the antenna, resulting in tetra-
band performance. The observed resonant bands cover C-band
WLAN (5.0/5.8GHz), X-band (8–12GHz for satellite commu-
nication, radar, terrestrial broadband, and space communica-
tion), Lower Ku-band (13.28–14.68GHz for radar communi-
cation), Upper Ku-band (15.24–17.98GHz for molecular rota-
tional spectroscopy), and Lower K-band (18.58–19.92GHz for
astronomical observation services).
The analysis of the reflection coefficient for the proposed

antenna according to the octagonal and hexagonal shape du-
plication modes demonstrates improved impedance matching
and wider bandwidth at the respective resonant bands in the
triple duplication mode, compared to the single and double
duplication modes, as illustrated in Figure 5. The simulated
results of the proposed design across different duplication
modes demonstrate significant variations in resonant frequency
ranges, reflection coefficients, and bandwidth performance.
For Design A with single duplication, achieved using two
octagonal slotted sections, the antenna resonates over four
bands: 8.87–11.38GHz, 13.42–14.58GHz, 15.98–16.78GHz,
and 18.01–19.87GHz, with corresponding reflection coeffi-
cients of −12.87 dB, −47.32 dB, −26.22 dB, and −28.12 dB.
The operating bandwidths obtained for these bands are
24.79%, 8.28%, 4.88%, and 9.82%, respectively. In Design
B, double duplication is applied with four octagonal slotted
sections. This configuration achieves resonances across
4.41–11.12GHz, 13.28–15.56GHz, 16.21–17.34GHz, and
18.48–19.91GHz. The reflection coefficients are −21.08 dB,
−17.12 dB, −18.78 dB, and −30.06 dB, while the correspond-
ing bandwidths are 91.33%, 13.49%, 5.09%, and 7.85%.
With Design C, triple duplication is introduced through six
octagonal slotted sections. The resonant frequency bands
are 3.48–12.87GHz, 12.91–14.26GHz, 17.10–17.98GHz,
and 18.68–19.88GHz, producing reflection coefficients of
−23.42 dB, −36.82 dB, −16.62 dB, and −24.76 dB. The
associated bandwidths achieved are 122.72%, 9.39%, 5.97%,
and 5.31%, respectively. Finally, Design D extends the triple
duplication by combining six octagonal with two hexagonal
slotted sections. This design achieves resonances in the ranges

of 3.81–10.48GHz, 13.71–14.68GHz, 15.24–16.92GHz, and
18.47–19.89GHz, with reflection coefficients of −47.67 dB,
−16.24 dB, −17.28 dB, and −34.86 dB. The operating
bandwidths are 101.91%, 11.49%, 13.19%, and 7.23%,
respectively. Figure 6 illustrates the electrical equivalent
model of the proposed design, incorporating inductive (L) and
capacitive (C) elements to establish resonant characteristics.
As observed in Figure 1, the perimeter of the proposed rect-

angular SRR is determined by the length and width of the rect-
angular rings, denoted as LSRRI & LSRRE for the lengths, and
WSRRI &WSRRE for the widths, respectively (as depicted in Fig-
ure 7).

PSRRI = 2 (LSRRI +WSRRI) =
λg

2
=

c

2f0
√
εeff

(1)

PSRRE = 2 (LSRRE +WSRRE) =
λg

2
=

c

2f0
√
εeff

(2)

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

Wfln

(3)

Equations (1) and (2) establish the relationship between the
SRR perimeter and the guided wavelength (λg) at the corre-
sponding resonant frequency (f0). Equation (3) calculates the
effective dielectric constant (εeffect), which depends on the sub-
strate height (hsubst), feedline width (Wfln), and the relative per-
mittivity of the substrate (εr) [35]. Configuration II (as shown
in Figures 1 and 2) demonstrates the antenna’s operation at the
3.51GHz lower resonant frequency band (Upper S band). To
introduce additional wireless communication bands, six octag-
onal and two hexagonal slotted sections with two SRR cells
are placed inside the radiating patch area, connected to a trape-
zoidal feedline (Configuration III: from Figures 1 and 2).
The five excited modes, observed at 3.51, 9.11, 13.98, 17.76,

and 19.35GHz, correspond to distinct eigenvalues. Though
each mode is different, they are allocated to their respective
wireless standards. Impedance matching for these resonant
modes is achieved by the incorporation of the slotted octag-
onal radiating part and two SRR cells in the design. The in-
put impedance of the proposed structure is determined through
analysis of the electromagnetic fields between the radiating
patch and the ground plane. Each radiating mode can be mod-
eled by a general parallel resonant RLC circuit, with the equiv-
alent input impedance expressed in Equation (4) [36–39]:

(Zinput)equiv(f) = jωL∞ +
∑N

i=1

[Rr,i/(1 + j)Qu,i {(f/fr,i)(fr,i/f)}] (4)

where,

(Zinput)equiv = Equivalent input impedance at feed point of
the antenna,
L∞ = Equivalent Inductance at higher frequency bands,
N = Number of radiating resonant modes,
fr,i = Resonant frequency of the ith mode,
Qu,i = Q-factor of ith resonant mode,
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FIGURE 6. Equivalent circuit model for the proposed slotted multiband design.

(a) (b) (c)

FIGURE 7. Layout of the proposed structure: (a) Top view, (b) side view, (c) bottom view.

(a) (b)

FIGURE 8. Fabricated antenna design: (a) Front side, (b) back side.

Rr,i = Radiation resistance of the ith mode, and
ω = 2π (resonant frequency in radian/second).

In design Stage-III, the proposed antenna is fabricated on an
FR4 substrate with an electrical size of 0.345λ × 0.257λ ×
0.0187λ (29.5mm×22mm×1.6mm) at the lower resonant fre-
quency of 3.51GHz, featuring a trapezoid-shaped feedline and
ground plane, as shown in Figure 7. The radiating section con-
sists of an octagon-shaped slot (side length of 8.0mm) with six

octagonal segments and two hexagonal slotted sections, loaded
with two SRR cells. The SRR cells are formed by two rectan-
gular rings, connected at one side and open on the opposite side.
The front, side, and back views of the proposed design are pre-
sented in Figure 7. The optimized dimensions (in mm) for the
antenna design are as follows: LS = 29.5,WS = 22, h = 1.6,
SL1 = 8, SL2 = 2, Lf = 9.5, Wf1 = 3.16, Wf2 = 1.2,
WGR1 = 22,WGR2 = 10 and LG = 8. The antenna was sim-
ulated using CSTMicrowave Studio (MWS) software [40] with
the finite element method. After completing the simulation, the
design was fabricated using a PCB prototype machine. The
fabricated prototype is depicted in Figure 8. The measurement
setup, arranged to evaluate the S-parameters (S11), radiation
patterns, gain, and efficiency of the proposed design, utilizes a
vector network analyzer (VNA) and an anechoic chamber, as
illustrated in Figure 9. In the proposed setup, far-field radiation
patterns are obtained using a horn antenna as the reference and
the proposed antenna as the antenna under test (ATU). These
far-field measurements follow the condition R ≫ 2D2/λ, as
dictated by the Friis equation. The radiation pattern of the pro-
posed antenna is recorded in 5◦ increments, from 0◦ to 360◦,
using a turntable, and measured at various resonant frequencies
for both co-polarization and cross-polarization modes in theE-
and H-planes.
The following steps outline the process for measuring radia-

tion efficiency in the setup:
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FIGURE 9. Experimental setup: Measurement of various radiation pa-
rameters of the proposed antenna.

• Supplied power to the antenna (PSUP): Measured using a
power meter.

• Antenna reflection coefficient (Γ): Measured with a vec-
tor network analyzer (VNA) connected to the test antenna.

• Accepted power to the antenna (PACP): Calculated using
the equation:

PACP =
(
1− |Γ|2

)
· PSUP (5)

• E-field measurement: Performed in 3D at a fixed distance
of 1.65meters.

• Total radiated power (PRDP): Calculated using the equa-
tion:

PRDP =
(
r2/120π

)∑
i,j

(
|Eθ(i, j)|2 + |EΦ(i, j)|2

)
sin θi∆θi∆Φj (6)

• Antenna radiation efficiency (η): Calculated as:

η = PRD/PAC (7)

This measurement method is also used to determine other
antenna parameters, such as S-parameters (reflection coeffi-
cient), antenna impedance, radiation patterns, radiation effi-
ciency, and peak gain at different frequencies. Using the
same setup, the total radiated power is measured based on
the radiated field. However, the field and pattern measure-
ment process can be time-consuming, as it provides 3D re-
sults with high uncertainty (> 10%). For very low reso-
nant frequencies, the far-field condition may require a large
test site, or a near-field facility can be used for the radiation
pattern measurements. In design Stage III, the antenna sup-
ports longer current path lengths, leading to penta-band char-
acteristics (Figure 10, Table 3). The antenna demonstrates an
S11 < −10 dB impedance bandwidth of approximately 62.82%
(3.21–6.15GHz), 58.69% (6.97–12.76GHz), 8.01% (13.43–
14.55GHz), 6.02% (17.25–18.32GHz), and 5.93% (18.81–
19.96GHz) during simulation. Under experimental testing, the

FIGURE 10. Simulated andmeasuredS11 results for the proposedmulti-
band antenna.

corresponding bandwidths are about 60.57% (3.20–5.98GHz),
57.14% (7.10–12.78GHz), 7.21% (13.51–14.52GHz), 5.49%
(17.34–18.32GHz), and 5.67% (18.86–19.96GHz). The ex-
perimental results are obtained using the measurement setup
shown in Figure 9. The antenna structure exhibits penta-band
resonating characteristics, as illustrated in Figure 10, with the
corresponding bandwidth and S-parameter (S11) values. Both
the simulated andmeasuredS-parameters (S11) of the proposed
structure are also presented in Figure 10. There are discrep-
ancies between the simulated and measured S11 results, likely
caused by fabrication tolerances and cable losses. Yet, de-
spite these imperfections, the overall agreement is undeniable,
confirming the penta-band resonating mode. The impedance
matching is optimized, but the lingering mismatch serves as a
reminder that precision, even in its best form, is elusive.
The simulated and experimental results of the proposed

design show multiple resonating ranges across five distinct
bands. In the simulation, the resonating ranges are observed
at 3.21–6.15GHz, 6.97–12.76GHz, 13.43–14.55GHz, 17.25–
18.32GHz, and 18.81–19.96GHz, while the corresponding ex-
perimental results demonstrate ranges of 3.20–5.98GHz, 7.10–
12.78GHz, 13.51–14.52GHz, 17.34–18.32GHz, and 18.86–
19.96GHz. The 10-dB bandwidth obtained through simula-
tion is 62.82%, 58.69%, 8.01%, 6.02%, and 5.93% for the re-
spective bands, whereas the experimental analysis yields band-
width values of 60.57%, 57.14%, 7.21%, 5.49%, and 5.67%.
Overall, five resonant bands are achieved. These resonant
modes cover a wide range of wireless applications. In the
lower frequency region, the design supports S band WiMAX
at 3.5GHz (IEEE 802.16e) and C band WLAN at 5.0/5.8GHz
(IEEE 802.11a/ac). It also complies with several 5G NR bands,
including n48 (3.55–3.70GHz), n46 (5.15–5.925GHz), n47
(5.855–5.925GHz), n77 (3.3–4.2GHz), n78 (3.3–3.8GHz),
and n79 (4.4–5.0GHz). In the higher frequency spectrum,
the antenna supports X-band applications at 9.11GHz and
11.78GHz, which are suitable for satellite communication,
radar, terrestrial broadband, and space communication. Addi-
tionally, it covers the lower Ku band at 13.98GHz for radar
communication, the upper Ku band at 17.76GHz for molecular
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(a) (b)

(c) (d)

FIGURE 11. (a) Waveguide setup (simulation mode), (b) equivalent circuit, (c) boundary condition representation, and (d) waveguide measurement
setup.

rotational spectroscopy, and the lower K band at 19.35GHz for
astronomical observation services.

2.1. Study of Metamaterial SRR
This section presents the design analysis of the proposed meta-
material SRR (Split Ring Resonator) structure, consisting of
two modified rectangular metallic rings with split gaps, as
shown in Figure 11. Electromagnetic simulation is used to eval-
uate the fundamental field quantities derived from Maxwell’s
equations through numerical methods. For accurate analysis
and optimized design, proper selection of feeding techniques,
structure meshing, and suitable boundary conditions are essen-
tial. In the proposed design, CST Microwave Studio is em-
ployed as the electromagnetic simulator for numerical inves-
tigations, with boundary conditions incorporated to acceler-
ate computation in metamaterial structures [40, 41]. The Per-
fect Electromagnetic Conductor (PEMC) boundary condition, a
generalization of the Perfect Electric Conductor (PEC) and Per-
fect Magnetic Conductor (PMC), is used in simulations. This
condition offers the advantages of reduced cross-sectional di-
mensions and faster computation times. Specifically, PEC and
PMC boundaries are applied along the x-axis and y-axis walls,
respectively, while electromagnetic waves are incident along
the z-axis, as illustrated in Figures 11(a) and (c). From a cir-
cuit perspective, a metamaterial can be modeled as a resonant
LC circuit with a defined resonance frequency. In this repre-
sentation, a metallic strip provides effective inductance, while
a gap introduces effective capacitance, characterizing the split-
ring resonator (SRR). These passive components receive, store,
and dissipate energy within the circuit. Figure 11(b) presents
the equivalent circuit model of the proposed metamaterial unit
cell. For experimental validation, two rectangular waveguide-
to-coaxial adapters are employed. The waveguides are con-
nected to a vector network analyzer (VNA) using semi-rigid

coaxial cables and connectors. The fabricated prototype was
then positioned between the transmitting and receiving waveg-
uides to measure the reflection and transmission coefficients,
as shown in Figure 11(d). A waveguide setup is created in the
CST Microwave Studio (MWS) simulator [40] (Figure 11) to
obtain the transmission parameter (S21) and reflection param-
eter (S11). The effective parameters [permeability (µeffective)
and permittivity (εeffective)] of the proposed SRR cell are de-
rived using the S-parameters (S11 and S21) from the waveguide
setup. For the experimental waveguide setup, the SRR cell is
placed inside the waveguide environment, equipped with two
coaxial-to-waveguide adapters and a vector network analyzer
(VNA), to measure the S-parameters (S11 and S21) [41]. The
optimized dimensions (in mm) of the proposed SRR cell are:
LSRRE = 2.09, WSRRE = 4.17, LSRRI = 1.34, WSRRI = 2.19,
tSRR = 0.25, g = 0.32. When an external magnetic H-field
is applied, an electromagnetic field (EMF) is induced around
the SRR cell, which couples with the two rectangular metallic
rings. In this setup, current flows from the outer to the inner
ring through a distributed capacitance formed by the spacing
between the rings. This arrangement works as an LC resonant
circuit, providing a specific operating frequency that can be cal-
culated using Equation (8) [42]:

fo-srr-str =
1

2π
√

(Ltotal-eq)(Ctotal-eq)
(8)

where

Ltotal-eq = 0.0002

[
{2(LSRRE +WSRRE)− g}

{loge 8(LSRRE +WSRRE − 0.5g)/tSRR} − α

]
, (9)
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FIGURE 12. Comparison of simulated and measured S11 and S21 curves. FIGURE 13. Comparison of simulated and measured permeability (real
and imaginary mue) curve.

Ctotal-eq = 0.5

[
{(LSRRE +WSRRE)− π(tSRR + 0.5g)− g}

{
(0.3× 10−8)(SQRT(εe))/Z0

}
+
{
(8.85× 10−12)htSRR/g

} ]
, (10)

where ‘Ltotal-eq’ and ‘Ctotal-eq’ represent the total equivalent in-
ductance and capacitance of the proposed SRR� ‘LSRRE’ and
‘WSRRE’ are the length and width of the external conducting
ring� ‘g’ is the split gap between the internal and external con-
ducting rings� and ‘tSRR’ is the thickness of the conducting
rings. Constant α = 2.451� ‘εe’ is the effective permittivity
of the medium� ‘Z0’ is the characteristic impedance� and ‘h’
is the height of the conducting strip.
The effective permeability of the proposed SRR can be cal-

culated using Equation (11) [42, 43]:

µeffective-srr-str = nrefractive-ind × zimped (11)

where the refractive index (nrefractive-ind) is given by:

nrefractive-ind = (1/k
′
Tslab) cos−1[

(1/2S21)
{
1− (S11)

2 + (S21)
2}] (12)

The impedance (zimped) is:

zimped =
[{
(1 + S11)

2 − (S21)
2} /

{
(1− S11)

2 − (S21)
2}]1/2
(13)

The wave number k′ is given by:

k
′
= 2πf/

(
3× 108m/s

)
(14)

Tslab represents the slab (substrate material) thickness.
Figure 12 illustrates the comparison between the simulated

and measured transmission (S21) and reflection (S11) parame-
ters extracted from the waveguide setup. Notably, a transmis-
sion peak is observed at the resonant frequency of 3.51GHz,

which aligns with the theoretical value calculated using Equa-
tion (8). The proposed SRR structure acts as a magnetic
resonator, exhibiting negative permeability characteristics at
3.51GHz due to the orthogonally induced magnetic field. As
shown in Figure 12, the reflection parameter S11 hovers near
the zero level (below−2 dB), while the transmission parameter
S21 falls below the −10 dB level at the resonant frequency of
3.51GHz, indicating stop-band characteristics. This stop-band
behavior further confirms the negative permeability nature of
the SRR at the 3.51GHz resonant frequency (Figure 13).

3. RESULTS AND DISCUSSION
The operational mechanism of the proposed design can be bet-
ter understood by analyzing the simulated surface current dis-
tribution at various wireless standard frequencies: 3.51GHz (S
band — WiMAX), 5.75GHz (C band — WLAN), 9.11GHz,
11.78GHz (X band), 13.98GHz (Lower Ku-band), 17.76GHz
(Upper Ku-band), and 19.35GHz (Lower K-band), as depicted
in Figure 14. At the lower resonant frequency (3.51GHz, S
band —WiMAX), the strongest current distribution is concen-
trated along the surface of the proposed SRR cells. For the
higher frequency (5.75GHz, C band — WLAN), the surface
current distribution is primarily concentrated around the periph-
ery of the slotted radiating patch section connected to the feed-
line. At even higher frequencies (9.11GHz and 11.78GHz in
the X band, 13.98GHz in the Lower Ku-band, 17.76GHz in
the Upper Ku-band, and 19.35GHz in the Lower K-band), the
surface current spreads extensively across the slotted octagonal
radiating part with triple-duplicated octagonal and hexagonal
sections, leading to wider bandwidth and improved impedance
matching. A notable observation is that at the upper X band
(11.78GHz) and Lower Ku-band (13.98GHz) frequencies, the
current density is much denser around the center of the triple-
duplicated octagonal structure (attached to the radiating patch)
and the trapezoid-shaped feedline. The analysis also shows
minimal current around the edges of the two SRR cells and
the double hexagonal radiating sections, while the current is
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FIGURE 14. Current distribution (in simulation mode) for proposed design at 3.51/5.75/9.11/11.78/13.98/17.76/19.35.

more uniformly distributed across the radiating area. This uni-
form distribution improves the radiation characteristics, band-
width, and impedance matching of the antenna. Since the patch
length is approximately half of the wavelength at resonance, it
behaves as a low-impedance microstrip line with an open cir-
cuit at each end. At these open ends, electric field anti-nodes
andmagnetic nodes are present, representingmaximum electric
field and minimal magnetic field values, respectively. These
fields alternate between positive and negative values. At the
center of the patch, there is an electric field node and a mag-
netic anti-node, with zero electric field and alternating high
magnetic field. Another observation is that the surface elec-
tric current density (JS , under the patch) is equivalent to the
magnetic field (H , around the patch). Radiation from the patch
is produced by two magnetic dipoles formed at the dielectric
gaps at the open ends. Displacement current [e (dE/dt)] en-
hances the magnetic dipole field strength, and these dipoles are
most effective along the length of each slot, operating in-phase.
Radiation at the open circuit ends is minimal due to the op-
posing phase of electric currents beneath the patch and on the
ground plane. The patch behaves like a series resonant circuit
with a capacitor to ground at each end (the gaps) and an induc-
tor in the center. The thicker the substrate and the narrower the
patch, the smaller the capacitors and larger the inductance, re-
sulting in higher impedance at the patch edges. At resonance,
the radiating patch shows high impedance at the edges, with
maximum current distribution at the center [44–47]. The pro-
posed antenna structure achieves peak gains of 2.24, 1.29, 3.32,
3.38, 3.72, 3.21, and 4.38 dBi under simulation, and 1.98, 1.12,
2.98, 3.31, 3.02, 2.86, and 3.98 dBi under measurement at res-

onant frequencies of 3.51, 5.75, 9.11, 11.78, 13.98, 17.76, and
19.35GHz, respectively, as shown in Figure 17.
The reduction in antenna gain at lower frequencies is at-

tributed to several factors:

• The slotted octagonal resonator in the design serves as the
radiating component, but the inclusion of slotted octag-
onal and hexagonal geometries reduces the effective ra-
diating patch area. This results in decreased antenna ra-
diation performance, impacting parameters such as gain,
radiation efficiency, and polarization. While the slotted
geometry enables operation across multiple wireless stan-
dards, it also shrinks the active radiating section, leading
to a reduction in gain at lower frequencies. However, de-
spite this reduction, the antenna still exhibits acceptable
gain at these bands.

• Another factor is the sudden drop in gain in non-resonant
frequency regions, as shown in Figure 15. This is caused
by stop-band effects present in those regions. The combi-
nation of reduced active radiating area and stop-band ef-
fects further contributes to the decrease in gain at lower
frequency resonant modes.

In contrast, the antenna achieves improved peak gain at
higher frequency bands than lower bands. At higher resonant
frequencies, the radiating patch dimensions are relatively larger
in relation to the wavelength, leading to enhanced gain. Any
deviation in measured gain is likely due to measurement errors,
which can be minimized by using precise measurements in an
anechoic chamber.
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FIGURE 15. Simulated and measured peak gain analysis for the pro-
posed multiband antenna.

FIGURE 16. Simulated and measured radiation efficiency analysis for
the proposed multiband antenna.

FIGURE 17. E &H plane patterns (co/cross-polarization mode) of the proposed design at 3.51/5.75/9.11/11.78/13.98/17.76/19.35GHz.

The radiation efficiency of the proposed design is also an-
alyzed in both simulation and measurement modes, as de-
picted in Figure 16. The design achieves radiation efficiencies
of 62.07%, 68.42%, 74.18%, 78.76%, 80.78%, 81.12%, and
84.98% in simulation, and 54.68%, 61.69%, 65.71%, 68.82%,
74.36%, 75.14%, and 79.89% during experimentation, at res-
onant frequencies of 3.51, 5.75, 9.11, 11.78, 13.98, 17.76, and
19.35GHz, respectively.
The radiation pattern study further enhances the understand-

ing of the proposed design. Simulated and experimental E and
H plane patterns have been analyzed in both co- and cross-
polarization modes, showing a strong correlation between the
two. As illustrated in Figure 17, the comparison of these pat-
terns at distinct resonant frequencies (3.51, 5.75, 9.11, 11.78,
13.98, 17.76, and 19.35GHz) reveals that the E-plane patterns
resemble a dipole-like or bi-directional radiation, while the

H-plane patterns are omnidirectional in co-polarization mode.
These characteristics validate the suitability of the design for
wireless communication applications. Additionally, it is ob-
served that the radiation patterns remain stable and consistent,
with low levels of cross-polarization (below −15 dB) across
all resonant frequencies, confirming the design’s reliability for
multiband operation [48–51].
Table 2 provides a performance comparison between the pro-

posed slotted multiband antenna and several reported antennas.
The results demonstrate that the proposed design offers reduced
dimensions, enhanced operating bandwidth, and improved gain
and efficiency. By utilizing a metamaterial loading approach,
the design achieves multiband functionality while delivering
superior radiation characteristics compared to previously re-
ported antennas of similar size.
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(a) (b) (c)

FIGURE 18. (a) Upper view, (b) side view, (c) back view of the proposed design with switching element PIN diode configuration.

(a) (b)

FIGURE 19. Constructed antenna prototype: (a) Front section, (b) rear section.

4. FREQUENCY RECONFIGURABLE CHARACTERIS-
TICS

This section explores the design of the proposed antenna, fo-
cusing on its ability to switch between different wireless stan-
dards using a PIN diode as a switching element, demonstrating
its reconfigurability. The PIN diode is positioned in the gap
between the hexagon-shaped slotted radiating section and the
outer octagonal geometry of the patch, as illustrated in Fig-
ures 18 and 19. This gap is critical in altering the resonant
characteristics of the antenna. By changing the biasing states
(forward/reverse) of the PIN diode, the gap varies, causing a
current perturbation effect, which is key to enabling frequency
band reconfiguration. Adjusting the gap between the slotted
hexagonal radiating part and the octagonal patch section helps
modify the resonant properties of the design, allowing for im-
proved response and the creation of an additional resonant band
for wireless communication applications, as summarized in Ta-
ble 3.
The experimental analysis utilizes ALPHA-6355 beam lead

PIN diodes, chosen for their exceptionally low capacitance
characteristics [61]. The diode’s biasing (ON/OFF mode) is
controlled by applying a DC voltage of 0.7 volts. The elec-
trical equivalent model of the diode consists of components
RCCF = 2.6Ω and RCCR = 5 kΩ, connected in series and par-

allel, along with LFR = 0.6 nH and CRE = 0.081 pF, as shown
in Figures 20(a) and (b).
To ensure proper operation, a certain degree of isolation must

be maintained between the low-frequency DC bias circuit and
the RF circuit. Figure 20(c) illustrates the biasing circuit con-
figuration for the ALPHA-6355 beam-lead PIN diode. An RF
choke inductor is connected in series with the bias line, while
RF bypass capacitors are placed in parallel with the power sup-
ply to prevent DC leakage into the RF section. This arrange-
ment provides at least 20 dB of DC/RF isolation. The biasing
network consists of two 0.12 pF capacitors acting as DC blocks,
two 1µH inductors serving as RF isolators, and is powered by
a regulated 0.7V supply. In the RF frequency range, the PIN
diode behaves as a variable resistor; however, its ON and OFF
states exhibit distinct circuit behaviors. Figures 20(a) and (b)
depict the equivalent circuits for these states. In the ON state,
the diode is modeled as a series RL circuit, comprising an in-
ductor (L) and resistor (R). In the OFF state, it behaves as a
parallel RLC circuit, where the inductor is connected to a resis-
tor (R) and capacitor (C) in parallel. The low resistance (R) in
the ON-state RL circuit allows current flow between the radiat-
ing elements, whereas the high impedance (RLC) configuration
in the OFF state restricts current flow, effectively isolating the
sections. For simulation simplicity, the PIN diode was modeled
as an RL circuit with a constant inductance (L). The resistance
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(a) (b) (c)

FIGURE 20. Equivalent model and biasing circuit: PIN diode. (a) Forward bias, (b) reverse bias, and (c) biasing circuit.

(a) (b)

(c) (d)

FIGURE 21. Frequency reconfiguration: (a) Mode-I (D1 —ON, D2 —ON State), (b) Mode-I (D1 —ON, D2 —OFF State), (c) Mode-I (D1 —OFF,
D2 —ON State), (d) Mode-I (D1 —OFF, D2 —OFF State).

(R) was set to 2.6Ω for the ON state and 5 kΩ for the OFF state.
A bias voltage of 0.7V was applied to achieve the switching
conditions between the ON and OFF states.
The tunability across various wireless standards is accom-

plished by altering the states of the PIN diode, as detailed in
Table 3. When the PIN diode is in the ON state, the gap be-
tween the slotted hexagonal radiating section and the octago-
nal slotted geometry is bridged, facilitating the support of ad-
ditional frequency bands for wireless communication applica-
tions (according to the respective states outlined in Table 3). In

the OFF state of both PIN diodes, the antenna achieves penta-
band characteristics, providing coverage for multiple wireless
communication applications (based on the reverse bias state of
both diodes as shown in Table 3).
The comparative graphs of the S-parameter (S11) for both

simulation and experimental modes are shown in Figure 21.
The simulated data is obtained using CST Microwave Stu-
dio (MWS) software [40], considering the different PIN diode
states as outlined in Table 3. In practice, the operation of the
PIN diode requires a biasing circuit to apply forward or reverse
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(c)

(b)

(a)

FIGURE 22. Surface current distribution: (a) Diode D1 and D2 — ON state, (b) Diode D1 — ON state and Diode D2 — OFF state or Diode D1 —
OFF state and Diode D2 —ON state, and (c) Diode D1 and D2 —OFF state.

bias, which may result in minor deviations between the simu-
lated and measured results.
Figure 22 illustrates the effective surface current distribution

for all possible switching states of the antenna. The distribution
highlights the radiating strength of the different antenna strips
and the influence of the introduced slots. The PIN diodes facil-
itate transitions between high-impedance and low-impedance
states over specific current-carrying regions of the structure.
Consequently, the passive lumped L-C network undergoes vari-
ation through different series and parallel combinations corre-
sponding to the various PIN diode switching configurations. In
Figure 22(a), when both D1 and D2 are in the ON state (for-
ward bias), a strong and continuous surface current is observed
across the entire radiating structure, particularly along the slots
and feed region. This indicates effective coupling between the
radiating elements, supporting the triple-band operation in the
X-, upper Ku-, and lower K-bands. In Figure 22(b), when one
diode is ON, and the other is OFF, the surface current becomes
partially disrupted in one of the radiating paths while remaining
concentrated along the active arm. This asymmetrical current
distribution alters the electrical length of the antenna, resulting
in quad-band operation covering S-, X-, Ku-, and K-bands. The
comparable current distribution for both D1 ON/D2 OFF andD1
OFF/D2 ON states confirms that either configuration provides a
similar frequency response. Finally, in Figure 22(c), with both

diodes in the OFF state (reverse bias), the current distribution
becomes localized mainly around the feed and slot boundaries.
The suppression of current flow between certain sections intro-
ducesmultiple resonant paths, leading to the penta-band config-
uration. This state exhibits distinct current loops corresponding
to S-, C-, X-, Ku-, and K-band resonances, demonstrating the
successful reconfigurability of the antenna design.

5. CONCLUSION
A frequency reconfigurable metamaterial-inspired slotted
multiband antenna is designed and analyzed, incorporating
a PIN diode, SRR cells and slotted octagonal/hexagonal
structures, for various wireless standards, including S band
WiMAX (3.5GHz), C band WLAN (5.0/5.8GHz), X band
(9.17GHz, 11.8GHz) for Satellite communication, radar,
terrestrial broadband, space communication applications,
Lower Ku band (14.01GHz) for radar communication appli-
cation, Upper Ku band (17.81GHz) for molecular rotational
spectroscopy, and Lower K band (19.40GHz) for astronomical
observation services. The antenna features a radiating patch
with six octagonal and two hexagonal slotted sections, along
with metamaterial-inspired SRR cells to achieve penta-band
functionality. The achieved frequency-band reconfigura-
bility for wireless standards is facilitated by the PIN diode
acting as the switching element. The design demonstrates
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stable and consistent E & H plane patterns with low cross-
polarization, acceptable gain and radiation efficiency, and
improved impedance matching across the operating wireless
communication bands.
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