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In this paper, a miniaturized triple-band antenna is designed for wireless communication applications. The two inverted C-

shaped strips are used to enhance the electric length, which improves the impedance bandwidth. The unit cell analysis of the 

inverted C-shaped strips indicates that the three bands are directly responsible for the negative permeability. The triangular-

shaped parasitic stub is used in the ground to perturb the surface waves, which affects the CP behavior of the antenna at higher 

operating bands. The antenna bandwidths are obtained as follows: 2.37 GHz (2.337–2.405 GHz), 3.34 GHz (3.06–3.84 GHz), and 

5.21 GHz (5.08–5.38 GHz), where the axial ratio is attained from 5 GHz to 5.35 GHz. The miniaturized size and triple-band 

antenna are well-suited for portable applications that require a compact design.

1. INTRODUCTION 

In recent times, the demand for multi-band microstrip 

antennas is increasing due to the increasing use of wireless 

communications. A useful solution to meet the demand for 

multi-band service is to build a single broadband antenna 

that can cover all applications/bands. Multiband antennas 

are an important development in recent multifunctional 

wireless communication systems because they can resonate 

at multiple frequencies, eliminating the need for multiple 

antennas in a single unit [1–5]. As the utility of portable 

devices increases, the miniaturization of antennas is 

becoming increasingly compact, meeting the requirements 

of a compact size, good gain, acceptable radiation 

characteristics, and high impedance matching (IM).  

Over the years, researchers have used multiband and 

miniaturized antenna technology such as SRR/CSRR [3], 

MTM [4, 14], Open-ended stub [2, 5–8], parasitic strip [5], 

bisection method [7], slots/stub [1, 10–12], defected ground 

[1, 9, 11–13]. In [1], stubs and defective ground are used to 

improve the impedance matching of the antenna for dual-

band response. In [2], slots and stubs on the patch are 

accomplished to obtain the mutual impedance for multiband 

operation. The slots in the patch perturb the electric length 

and reduce the frequency band towards a lower frequency. In 

[3], MTM structure-inspired ground is loaded on the slot 

antenna, which improves the gain of the antenna and is 

responsible for multi-bands. In [4], SRR is achieved in the 

radiator, which exhibits MTM behavior and is responsible for 

the triple bands. In [5], an Open-ended stub and parasitic 

strip are used in the multiband antenna for impedance 

matching. In [6], open-ended stubs are implemented to 

optimize the circular patch antenna and to accomplish 

miniaturization and dual bands. In [7], the bisection method 

is used to miniaturize the antenna, where the slot is used in 

the ground for impedance matching. In [8], the open-ended 

slots are inserted on the radiator to improve the IM of the 

partial ground antenna. In [9], defective ground and slots in 

the radiator are used to design the compact antenna for C and 

S bands. In [10], CPW fed with ground is used, where 

multiple strips are used to obtain multiple bands. In [11], the 

slot and defective ground multiband antenna are designed 

where defected ground, slot in the patch, and modified feed 

line are used to obtain the multiband operation. In [12], 

multiple slots with shorting pins are introduced on the 

microstrip patch to achieve the dual-band response with high 

gain. In [13], defected ground is used to improve the 

impedance matching of a microstrip-fed TL radiator, where 

the multiple slots in the ground are responsible for triple-

band operation. In [15], multiple SRR radiators with a 

modified partial ground are used to achieve a dual-band 

response. In [16], defective ground and slots on the patch are 

utilized to enhance the impedance matching of the antenna, 

with the feed position also optimized to achieve a dual-band 

response. In [17], a defected ground is used to design the 

UWB antenna, and a parasitic notch is used to eliminate the 

undesired band so that the antenna can also work as a dual-

band antenna. As per the study of the recently published 

work, a triple band antenna is designed with circularly 

polarized behavior for wireless communication and can be 

the perfect choice for wearable applications, as miniaturized 

in size. The novelty and technical advancement of the 

presented work are discussed below. 

a) The antenna is implemented on the FR-4 material, 

which is a popular material used in wireless 

communication devices at a low cost.  

b) The two inverted novel C-shaped strips on the microstrip 

feed are used to improve the bandwidth of the antenna. 

The unit cell of the C-shaped strip analysis represented 

the negative permeability at 2.4/4.5/5.5 GHz and helped 

to achieve the triple operating bands, where the 

operating frequencies of the antenna are shifted due to 

optimization. 

c) The miniaturized size of the antenna is 0.158 λ × 0.197 λ; 

therefore, it can be used in a portable application where a 

small antenna size is required.  

d) The triangular parasitic strip in the ground is used to 

perturb the surface current and change the LP to CP 

behavior of the antenna in the higher operating band.  

The antenna operates the LP behavior in the first and 

second operating bands, whereas the CP operates in the 

third operating band; therefore, the triple operating band 

antenna covers both LP and CP polarization.  

2. DESIGN AND ANALYSIS OF CP ANTENNA 

In this paper, an MTM-inspired triple-band antenna is 
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implemented with CP behavior, where the antenna size is 

miniaturized. The prototype, with its dimensions and 

hardware, is demonstrated in Fig. 1(a). The design steps of 

the antenna are described in Fig. 1(b), which is divided into 

five parts, and its S11 parameters are illustrated in Fig. 1(c). 

The single-element monopole antenna is designed using a 

popular material (FR-4), with a substrate thickness of 1.6 

mm. In the first steps, the simple monopole antenna is used 

with the partially defected ground, where the microstrip-fed 

is accomplished to achieve the IM of 50 . 

The microstrip feed width and length are set to 3 mm and 

1.5 mm, respectively, to achieve a 10 dB impedance 

bandwidth. 

The operating bandwidth varies from 5.95 GHz to 6.5 GHz. 

In the second step, the inverted C-shaped strip is accomplished 

on the microstrip feed line, which increases the electric length. 

The IBW of the antenna is found at 2.45 GHz and from 

4.8 GHz to 5.8 GHz. In the third step, another inverted C-

shaped strip is formed on the microstrip line, as depicted in 

Fig. 1(b), labeled as step 3. This strip also increases the length 

of the antenna and improves the bandwidth, extending from 

3.1 GHz to 3.6 GHz and from 5.9 GHz to 6.3 GHz. In the 

fourth step, both inverted C-shaped strips introduced in steps 2 

and 3 are demonstrated, which helps achieve a triple operating 

band. Additionally, the size of the antenna is miniaturized 

compared to the conventional antenna discussed in step 1.  

The IBW is obtained in 2.35 GHz, 3 GHz to 3.6 GHz, 

and 5.1 GHz to 5.75 GHz. In this fifth step, a novel 

triangular-shaped metallic parasitic element is placed on the 

ground to influence the current and enhance the antenna 

performance. The parasitic element perturbs the surface 

current, allowing the antenna to achieve LP to CP on the 

higher operating bands. The axial ratio (3 dB) of the 

antenna is found to be between 5 GHz and 5.35 GHz, as 

demonstrated in Fig. 1(d). 

 
 

 

(a) 

 
Step-1                                          Step-2 

 
Step-3                                            Step-4 

 
Step-5 

(b) 

 
(c) 

 
(d) 

Fig. 1 – Proposed Triple band antenna (a) Designed prototype (Parameters 
in mm – L=25, W=20, G1=9, G2=13.5, L1=8.5, L3=4.5, L4=4.5, L2=6, 

L5=8.375, L6=16.5, W7=2, W5=1, W1=3, W6=2.25, W4=4, W3=7, 

L7=18.5) (b) antenna steps (c) s-parameters (d) Axial ratio. 
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3. ANALYSIS OF CP BEHAVIOUR OF PROPOSED 

ANTENNA 

The circular polarization of the antenna is analyzed at the 

higher frequency band. The triangular parasitic stub is used 

to perturb the current behavior, which influences the 

antenna from an LP antenna to a CP antenna. The 3dB axial 

ratio of the antenna covering almost a full third of the 

operating band varies from 5 GHz to 5.35 GHz, where the 

IBW of the antenna is 5.08 GHz to 5.38 GHz. The surface 

current movement at 5.2 GHz is illustrated in Fig. 2(a-d), 

where the current movements are depicted at 0°, 90°, 180°, 

and 270° phases. The variation of the surface current at 

different angles reveals that the surface current in the 

ground is perturbed in an anticlockwise direction; therefore, 

the antenna exhibits RHCP behavior. The combination of 

an LP antenna at the lower operating band and a CP in the 

higher operating band can be a good practical application in 

wireless communication. 

  
(a)                                                                   (b) 

 

(c)                                                                   (d) 

 
(e) 

 
(f) 

 
(g) 

Fig. 2 – CP Analysis of the triple band antenna: (a) 0ο; (b) 90ο; (c) 270ο; 

(d) 360ο; (e) Unit cell (f); S-parameters of the unit cell; (g) Permeability 

and permittivity of the unit cell. 

The metamaterial behaviour of the antenna is studied 

with the unit cell of the radiator as demonstrated in Fig. 

2(e), where the wave port with PEC and PMC boundary 

conditions is used to determine the S-parameters as 

demonstrated in Fig. 2(f). The metamaterial characteristics 

are demonstrated in Fig. 2(g). The Nicolson Ross Weir [14] 

equations with wave vector (Ko) and the thickness (d) are 

utilized from: 

 𝑉1 = 𝑆11 + 𝑆21, (1) 

 𝑉2 = 𝑆21 − 𝑆11, (2) 

 μr~
(1−𝑉2)

(1+𝑉2)

2

jk0d
, (3) 

 εr ∼
(1−𝑉1)

(1+𝑉1)

2

jk0d
  (4) 

The S-parameters of the unit cell are depicted as the 

dual-band response of the passband and the stopband.  

The MTM characteristics of the unit cell are represented 

in Fig. 2(g), which shows the negative permeability at 

2.4/4.5/5.5 GHz, where the permittivity is near zero and 

positive after 4 GHz, and negative before 3 GHz. The 

Permeability of the unit cell indicated that the negative 

permeability of the unit cell is responsible for the triple a-

band antenna, where the antenna resonant frequencies are 

2.37 GHz, 3.34 GHz, and 5.21 GHz, and validates the 

MTM-inspired behavior. 

4. SIMULATED AND EXPERIMENTAL RESULTS 

ANALYSIS 

The triple-band antenna is designed on the HFSS-13 

software, and the MTM antenna is validated using Anritsu 

MS2025B VNA. The s-parameters (|S11|) of the triple band 

antenna are illustrated in Fig. 3(a), where 10 dB IBW varies 

from 2.337–2.405 GHz, 3.06 –3.84 GHz, and 5.08 –

5.38 GHz, and are close to the measured results. The circular 

analysis from a 3 dB axial ratio of the triple band antenna 

varies from 5 GHz to 5.35 GHz and is close to the measured 

results as demonstrated in Fig. 3(b).  

The simulated and measured values of the gain are 0.9 dB 

and 0.5 dB at 2.35 GHz, 2.3 dB and 1.7 dB at 3.3 GHz, and 

2.5 dB and 3 dB at 5.2 GHz, as represented in Fig. 3(c), 

which shows good agreement with measured results. The 

simulated efficiency is 76 %at 2.35 GHz, 2.3 dB, and 95% at 

3.3 GHz, and 84 % at 5.2 GHz, as demonstrated in Fig. 3(d), 
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which shows the higher efficiency in all the bands. The 

measuring set-up in anechoic chambers is exemplified in Fig. 

3(e). The radiation pattern in the normalized form is 

represented in Fig. 3(f) and 3(g).  

The linear pattern at 3.3 GHz is demonstrated in Fig. 3(f) 

at the xz and yz planes, where a more than 20 dB difference 

between the co-and cross-plane is achieved. The RHCP 

pattern of the antenna at 5.25 GHz is illustrated in Fig. 3(g), 

which shows the stable radiation patterns. The relative 

analysis of the MTM antenna in comparison to existing work 

is illustrated in Table 1. The proposed antenna size is 

miniaturized and operates in a triple band, exhibiting both 

linear and circular polarization behavior, which makes it 

applicable in antennas for wireless and wearable 

communications. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 

 
(f) 
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(g) 

Fig. 3 – Antenna analysis: (a) S-parameters (dB); (b) Axial ratio (3-dB); 

(c); Gain (dB); (d) Radiation efficiency (%); (e) Measuring set-up;  

(f) Radiation pattern at 3.3 GHz, and (g) Radiation pattern at 5.25 GHz. 

5. CONCLUSION 

In this work, the size of the antenna is reduced with an 

MTM-inspired radiator, and linear polarization is achieved 

at 2.37/3.34 GHz, and circular polarization is achieved at 

5.21 GHz. The metamaterial unit cell has been investigated, 

and it was found that the permeability of the radiator is 

responsible for triple bands. The triangular shape parasitic 

stub is loaded in the ground of the triple band antenna, 

which shifted the axial ratio towards the operating bands. 

The triple-band antenna operates from 2.337–2.405 GHz, 

3.06–3.84 GHz, and 5.08–5.38 GHz, with CP performance 

from 5 GHz to 5.35 GHz. The antenna's overall size is 

compact and miniaturized, which makes the antenna 

applicable for portable applications. 
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Table 1 

Relative investigation with compact and multiband antenna 

[Ref No.] 

(publication 

year) 

Antenna Size  

(mm2) 
Resonant Frequency (GHz) 

No. of 

band 
Technology used CP 

Proposed 
20 × 25 

2.37, 3.34, 5.21  
3 

MTM structure with parasitic 

stub 

Yes 

[1] (2020) 33 × 17 2.5, 3-6.65 2 Defected ground and stub No 

[2] (2023) 56.4 ×44.3 3.34, 4.61, 6.01 and 8.02 4 Slot and stubs No 

[3] (2023) 60 ×60 3.02, 4.14, 4.96, 5.44 and 5.8 5 CSRR/MTM No 
[4] (2022) 20 × 30 2.34, 3.32 and 6.5 3 MTM No 

[5] (2019) 
75 × 120 

0.96 and 1.8 
2 

Open ended stub and parasitic 

strip 

No 

[6] (2020) 32×32 5.19, 5.87 2 Open-ended stub  No 

[7] (2020) 15 × 15 6.2 1 Circle slot in the ground No 
[8] (2019) 15 × 15 4.2, 9.9 2 Modified open-ended slot  No 

[9] (2021) 
26.11 × 24.81 

3.56 and 4.07 

 
2 

Slot in the patch, stub in the 

ground 

No 

[10] (2022) 26 ×13 2.4, 4.5, 5.5, 6.5, and 7.8  5 Multiple stubs No 

[11] (2023) 33× 24 4.36,8.25,10.01,12.00 and 15.89 5 Slot and Defected ground No 
[12] (2024) 55.3× 47 5.82 and 6.48 2 Shorting pins and stubs No 

[13] (2023) 20 × 21 3, 6.1, 8.2 3 Defected ground  No 

[14] (2023) 25 × 22 2.4, 3.5, and 5.8 3 MTM No 
[15] (2023) 15 × 35 2.3–2.5, 3.5 up to 9 2 SRR and defected ground Yes 

[16] (2023) 9.2 × 9.2 2.4 and 5.8 2 Slots and Defected ground Yes 
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