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Truncated Ground Plane

Varun Setia,#,*  Kamalesh Kumar Sharma,# and Shiban Kishan Koul$

#Department of Electronics and Communication Engineering, Malaviya National Institute of Technology, Jaipur - 302017, India 
$Center for Applied Research in Electronics, IIT Delhi - 110016, India 

*E-mail:2015rec9538@mnit.ac.in

ABSTRACT

A single-band monopole antenna, transformed into a triple-band antenna for S-band and C-band applications 
is reported in this paper. This transformation is done with the help of two different hybrid SRR unit cells, which 
are embedded on the truncated ground plane of the antenna. These hybrid SRR unit cells are created by combining 
square split ring and circular split ring into two different configurations. Simulated results are in coherence with 
the measured results and analysis is provided to evaluate the efficacy of the design. This analysis can be used to 
estimate the usefulness of metamaterial unit cells in generating multiple frequency bands.  The operating frequency 
bands measured are 2.72-2.83GHz, 3.54-4.35 GHz, and 4.72-5 GHz respectively. These bands are being used in 
the mid-band frequency range of 5G communication in many countries.  The developed antenna is miniaturized 
to the size of 0.19λ0×0.25λ0 (λ0  is the free space wavelength at 2.72 GHz). Two objectives i.e., miniaturization 
and multi-banding are fulfilled in a single design. The introduction of different hybrid SRR unit cells at defective 
ground plane causes multi-banding and resonance of a unit cell at a lower frequency leads to an increase in the 
effective electrical length of the antenna without increasing its physical size. The metamaterial characteristic of the 
unit cells is also verified in the article.
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1. INTRODUCTION
Miniaturized multi-band microstrip antenna has always 

been in demand for integrating different wireless applications 
with a single antenna. These applications could be WLAN, 
RFID, WiMax, wireless energy harvesting, wireless sensor 
networks, 5G MIMO, etc. Also, a single antenna can be used to 
accommodate various wireless standards together. So, it is very 
much desirable that many antenna for different applications be 
substituted by a single multi-band antenna in order to optimally 
utilize the space. There are several techniques available to 
miniaturize the size of antenna such as using  fractal shapes, 
meandered lines, defected grounds, metamaterials, etc., for 
which comprehensive review is available in reference 1. Many 
of these techniques are explored in the literature to achieve 
multi-band operation. A triple-band monopole antenna using 
a slot of fractal Koch is reported in reference 2. A monopole 
antenna having the crinkle fractal design is discussed in 
reference 3. The advantage of using a monopole antenna is 
in achieving larger impedance bandwidth. A compact-sized 
transparent antenna which is again a triple band monopole 
antenna is proposed in reference 4. A multi-layer multi-ring 
antenna fed by an L-probe, generating a triple band is simulated 
in reference 5. The ground plane of the  monopole antenna is 

modified in reference 6 to achieve an additional frequency band. 
A triple-band antenna consisting of spiral-shaped radiators 
along with a slot radiator is presented in reference 7. A triple-
band antenna using an open hexagonal-shaped radiator with 
the defected ground is reported in reference 8. To optimize the 
space, an aperture shared triple-band antenna is presented in 
reference 9.  Since a multi-band antenna is highly demanded 
in 5G MIMO applications, a triple-band antenna with its four 
modules is demonstrated in reference 10.

Another approach for obtaining multiband characteristics 
from a single antenna with compact size is based on meta-
material structures. These structures provide easy modeling 
and better frequency control during optimization which is 
discussed in the later sections of this paper. As the metamaterial 
structures are sub-wavelength structures, a significant amount 
of reduction in antenna size can be achieved11-13. 

Metamaterials are not found naturally but are created 
generally as 2-D or 3-D periodic structures. These structures 
show a negative refractive index for a definite frequency range. 
The concept of the negative refractive index for a substance 
was hypothesized by Veselago in 196711. Later, Pendry, et 
al. demonstrated this phenomenon for thin metallic wires 
and other structures.12-13 And since, negative refraction is not 
usual, these structures were termed “Metamaterials”. An ample 
amount of information about the history and development of 
metamaterials can be found in reference 14-19 for further 
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exploration. A single unit of these structures is called a unit 
cell. The complete effect of the whole metamaterial structure 
can be estimated just by studying its unit cell’s behavior with 
proper boundary conditions15,17. 

Nowadays, it is very popular to use a separate unit cell 
instead of using a full periodic structure. Most of the time, these 
unit cells are Split-Ring Resonators (SRRs) of various shapes. 
SRRs have been proved to be a good choice for multi-banding, 
gain enhancement, antenna miniaturization, absorbers, and 
notch antenna. The SRRs show negative permeability which 
ultimately leads to negative refraction.  If only a few unit 
cells are used with an antenna structure instead of using a full 
periodic structure, these designs can be termed metamaterial-
inspired designs because the metamaterial property is verified 
for a single unit cell. Many metamaterial-inspired antenna 
for different microwave applications have been reported in 
the literature. A state-of-the-art literature review of antenna 
utilizing the metamaterial concept for multi-banding and 
miniaturization is presented here.  

A frequency reconfigurable antenna using two different 
sized double square SRR unit cells is proposed by Cheribi et 
al.20 In another approach, a multi-layer metamaterial is added 
in close proximity to a monopole antenna in order to create 
additional resonance21. A loop-slot triple-band antenna using 
only a single unit of SRR is proposed in reference 22. Patel 
and Kosta23 presented a complementary SRR based antenna 
for multi-frequency operation. A metamaterial-inspired 
dual-band antenna for mobile applications is discussed in 
reference 24. A CPW- fed monopole antenna to realize triple-
band employing SRR coupling is designed in reference 25. 
A family of metamaterial-inspired inverted L-shaped dipole 
antenna is fabricated and investigated reference 26. A dual-
band monopole antenna with six SRR unit cells loaded 
on its truncated ground plane is reported in reference 27. 
A dual-band MIMO antenna comprising of four-element 
SRR unit cells for 4G and 5G applications is presented in 
reference 28. A miniaturized multi-band antenna using a 
metamaterial-inspired unit cell is reported in reference 29. 
A complementary SRR loaded antenna for WLAN and IoT 
applications is presented in reference 30. A horizontally 
polarized WiFi antenna having a 3-D structure is proposed 
in reference 31, while a triple-band antenna using a square 
CSRR and two novel SCSRR is presented in reference 32. 

Earlier the authors have proposed a triple band 
monopole antenna using two identical double square 
SRR unit cells on the truncated ground plane33. In the 
presented work, metamaterial unit cells are a combination 
of the square and the circular-shaped split-ring resonators 
referred to as hybrid-SRR, used to obtain multi-banding 
and miniaturization simultaneously. The implementation of 
hybrid-SRRs gives more freedom to control the frequency 
separation between different bands. The observations show 
that the proposed unit cell has negative magnetic permeability 
(µ) and negative refractive index (n) at a lower frequency as 
compared to conventional metamaterial structures based on 
square and circular split rings, which is further verified in 
the latter section.  It’s always been a challenging task to 
achieve multi-banding, broad-banding, and miniaturization 

together. The proposed structure is a successful attempt 
in this direction, where both of the benefits of using 
metamaterials i.e.miniaturization as well as multi-banding, are 
exploited. Also, a significant amount of bandwidth of 4 %, 20 %, 
and 6 % for the respective three frequency bands 2.8/4/4.8 GHz is 
achieved. The complexity level has been kept low in the proposed 
design. Hence, a stable antenna is presented.   

utilizing these hybrid-SRRs, a single band monopole antenna 
is converted into a triple-band antenna. Its feasibility, potential, 
and performance are investigated in this paper.

The structure of the paper is as follows. Section one is the 
introduction which discusses the motivation behind this work. 
The usefulness and novelty of the present work are also discussed 
in this section. Section two deals with the antenna geometry, the 
evolution of hybrid-SRRs, and the role of metamaterial unit cells 
to achieve multi-banding and miniaturization. The experimental 
results are discussed in section three followed by the comparison 
with state-of-the-art literature. Finally, the conclusion and future 
scope of the presented work are given in section four.

2. ANTENNA DESIGN
2.1 Geometry

The presented antenna design consists of a rectangular 
metallic patch engraved upon the FR4 substrate (having the 
relative permittivity of 4.4) as shown in Figure 1(a).  On the 
backside of the substrate which is a truncated ground plane, 
two different hybrid-SRR metamaterial unit cells are loaded 
as shown in Fig. 1 (b).  The substrate thickness is chosen to be 
1.524 mm. Simulation work for antenna design and optimization 
is accomplished by the Ansys HFSS software package. both of 

     (a)    (b)

Figure 1. Schematic diagram of the proposed antenna: (a) Top 
view, and (b) Bottom view.

the SRR structures are designed separately and corresponding 
dimensions are optimized through parametric studies. The 
orientation of the split is kept at 45 o for inner rings in both of 
the SRR structures.

All dimensions of the proposed antenna are indicated in 
Fig. 1 and their corresponding values (in millimeter) are given 
in Table 1. 

Resonating frequency of the metamaterial unit cell is 
dependent on its overall dimension and the inter-ring spacing. 
While using these rings on a defective ground plane, many 
of the ring parameters help in impedance matching without 
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affecting the resonant frequency. This is discussed in detail in 
the next section where the analysis of hybrid-SRR is given.

       (a)             (b)     (c)

(d)

Parameter Value Parameter Value
W 22 d 3.6
L 28  k 1.4
W1 3 m 6.9
L1 26 r1 4.8
L2 8 a1 5
a 6 b1 0.8
b 0.8 c1 0.6
c 0.8

Table 1. Antenna parameters

2.2 EVOlUTION OF HyBRID-SRR
The evolution steps of the proposed hybrid-SRR are 

shown in Fig. 2 (a)-(c). A conventional double square SRR is 
taken as the initial design referred to as SRR1, later the inner 
square ring is replaced with a circular ring referred to as SRR2. 
Finally, the inner ring is rotated by 450 in SRR3. The scattering 
parameters for all these design steps are shown in Fig. 2(d). It 
can be observed that for the proposed hybrid-SRR, the crossover 
point of reflection and transmission coefficients shifts towards 
a lower frequency as compared to the conventional SRR. It is 

also observed that the orientation of the split has nothing much 
to do with the resonating frequency rather it affects the quality 
of resonance. Its orientation was varied to achieve proper 
impedance matching for the desired frequency bands.     

2.3 Unit Cell Simulation and Verification of 
Metamaterial Property
Now, based on the above discussion, a hybrid SRR is 

designed in two different configurations. The first configuration 
referred to as HSRR1 consists of a square ring inside the circular 
ring while the second configuration referred to as HSRR2 
consists of a circular ring embedded inside a square ring as 
shown in Figure 3 (a) and (d) respectively. The dimensions of 
these configurations are optimized to operate at 2.65 GHz and 
4 GHz.

Simulated unit cells with proper boundary conditions and 
with their metamaterial characteristics are depicted in Figure 3 
(a)-(c) and Figure 3 (d)-(f) respectively. For unit cell simulation, 
there are electric boundaries on the top and the bottom of each 
cell. To maintain electric boundaries for unit cell simulation, a 
metal strip is kept on the backside of the substrate. Magnetic 
boundaries are set at the front and the back of each cell because 
the magnetic field induced in the SRR is normal to the plane17. 

Figure 2. Evolution of hybrid SRR: (a) SRR 1, (b) SRR 2, (c) SRR 3, and (d) S11 and S21 coefficients for the unit cells.
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Figure 3. (a) Unit cell HSRR1, (b) Epsilon and mu values for HSRR1, (c) Refractive index for HSRR1, (d) Unit cell HSRR2,  
(e) Epsilon and mu values for HSRR2, and (f) Refractive index for HSRR2.

                  (a)                                                              (b)

                            (c)                                                 (d)

                  (e)                                                              (f)
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Then from the unit cell simulation, S11 and S12 parameters were 
extracted and used to calculate metamaterial characteristics 
for each unit cell in MATLAb34. The calculated relative 
permittivity, permeability, and refractive index for these unit 
cells are displayed in Fig. 3.  The negative refractive index 
verifies the metamaterial properties. 

The resonant frequency of a unit cell is where the real part 
of its refractive index goes negative. From Fig.3 (b)-(c), it is 
visible that the real part of the permeability and the refractive 
index for HSRR1 is negative around 2.65 GHz which was 
expected. The refractive index for the second unit cell HSRR2 
is shown in Fig. 3(f). After having a close observation of Fig. 3 
(e)-(f), it is seen that the refractive index for HSRR2 is slightly 
negative in the region after 4.5 GHz, which is of our interest.

2.4 Design Strategy and Role of Hybrid-SRR
The unit cells designed above are used to convert a 

monopole antenna into a miniaturized triple-band antenna. The 
rectangular metallic strip on the top of the substrate acts as a 
monopole antenna, giving a single frequency band around 3.6 
GHz in simulation results as shown in Fig. 4 (a) and Fig. 5. 
Now HSRR2 is introduced into the truncated ground plane, 
which provides an additional frequency band around 4.7 
GHz, higher than the monopole antenna frequency. Again, 
HSRR1 is loaded on the truncated ground plane. This provides 
the third frequency band around 2.65 GHz, which is lower 
than the monopole antenna frequency band. These gradual 
developments are shown in Fig. 4 and Fig. 5 respectively. 

Figure  5. Comparison of reflection coefficient for the antenna 
at every stage.

Finally, three frequency bands are achieved with the final 
design i.e. 2.6-2.7 GHz, 3.35-4.1 GHz, and 4.6-4.9 GHz.  It 
is seen that loading of the HSRR1 at the ground plane giving 
additional lower band needs no alteration in the overall 
dimension of antenna, this is the beauty of the proposed design 
and benefit of using metamaterial inspired unit cells. In this 
way, multi-banding is performed and since this third band 
is in the lower frequency range than that of starting patch, 
miniaturization is done indirectly.

Figure 4. Antenna development by gradual modifications in 
ground plane: (a) Monopole antenna,  (b) Ground 
plane stage 1, (c) Ground plane stage 2, and (d) 
Ground plane stage 3.

(c)                                                (d)

   (a)                                                 (b)

Simulated plots for surface current distributions at 
various frequencies are also in the accordance with the antenna 
development (Fig. 6). It can be seen from Fig. 6(a) that HSRR1 
is the active element at 2.65 GHz for which it was designed. The 
middle band is due to monopole antenna which is indicated in Fig. 
6(b)-(c) at frequencies 3.65 GHz and 4GHz respectively. At 4.8 
GHz, HSRR2 is the active element for which it was introduced.

3. RESUlTS  AND  DISCUSSION
The image of the actual fabricated prototype antenna is 

displayed in Figure 7. Although FR4 is a lossy material because of 
its high relative permittivity value; one of the reasons for selecting 
substrate material as FR4 is due to its easy availability and low 
cost. These two parameters have a great impact on practical design 
implementation and manufacturing.

3.1 Reflection Coefficient (S-parameter)
The reflection coefficient (S11) for the proposed antenna 

has been measured using Agilent’s Vector Network Analyzer. 
A comparison of the simulated and the measured reflection 
coefficient is given in Fig. 8.  The three frequency bands (for 
which S11< -10 db) achieved from the simulations are 2.6-2.7 
GHz, 3.35-4.1 GHz, and 4.6-4.9 GHz, and the corresponding 
frequency bands yielded from the measured values are 2.72-
2.83 GHz, 3.54-4.35 GHz, and 4.72-5 GHz respectively. 
Hence, the proposed antenna shows a significant amount of 
impedance bandwidth of 4 %, 20 %, and 6 % for the respective 
three frequency bands 2.8/4/4.8 GHz, which makes the 
proposed design a good candidate for wireless applications. The 
measured results closely approximate the simulated ones, with 
a very small difference of about 5.6%. Fabrication inaccuracies 
such as mask scaling and misalignment may be the possible 
reasons for the slight mismatch in the results. 
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Figure 6. Simulated surface current distribution at: (a) 2.65 GHz, (b) 3.65 GHz, (c) 4 GHz, and (d) 4.8 GHz.

Figure 7. Fabricated prototype of antenna: (a) Top view, and (b) Bottom view.

   (a)        (b)

        (a)        (b)

         (c)        (d)
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Figure 8. Comparison of simulated and measured reflection 
coefficient (S11) for the proposed antenna.

3.2 Gain 
The measurement of gain of the antenna is carried out 

in an anechoic chamber.  Horn antenna is used as a reference 
antenna in the measurement and the test antenna is placed at a 

distance of 2.25 meters from the reference antenna. The setup 
for gain measurement is shown in Fig. 9.

Gain is the measurement of radiation characteristics and 
functionality of the antenna. The normalized values of the 
measured and the simulated gain patterns for the prototype 
antenna are plotted in Figure 10 with the peak simulated gain 
values of -0.9310 dbi, 2.6739 dbi, and 2.6596 dbi at 2.8 GHz, 
4 GHz, and 4.8 GHz respectively. The radiation pattern is 
almost omnidirectional in the XZ plane.

An extensive literature survey has been done for this 
research work for its proper placing among contemporary 
techniques. A comparative analysis is given in Table 2, showing 
the relevance of the proposed work.

It is observed from Table 2, that the proposed antenna 
is a better choice in terms of multiple bands, bandwidth, and 
compact size. Also, despite the narrow-band characteristics of 
metamaterial unit cells, this antenna yields a larger bandwidth 
in comparison to other antenna mentioned in Table 2. The 
proposed antenna uses FR4 substrate which is not expensive. 

4. CONClUSION
A triple-band antenna for different S-band and C-band 

applications is designed, fabricated, and characterized. The 
novelty of the proposed design lies in the use of hybrid-
SRRs and the indirect miniaturization caused by HSRR1. The 
footprint of the developed antenna is reduced by 60 %. The 
prototype antenna functionally radiates at three frequency 
bands viz. 2.8/4/4.8 GHz, having a bandwidth of 4 %, 20 
%, and 6 % respectively. Hence, the proposed design serves 
both of its purposes miniaturization as well as multi-banding. 
The proposed antenna has a robust design due to the use of 
metamaterial-inspired hybrid-SRRs which reduces complexity 
and gives ease of optimization control, as illustrated in section 
two. This design is engraved upon an inexpensive FR4 
substrate. A detailed and step-by-step analysis is done for 
design methodology and metamaterial concepts which could 
be useful for other future applications too.Figure 9. Setup for gain measurement.

Ref. Size (λ0×λ0) Frequency 
bands(GHz)

Bandwidth 
(GHz)

Substrate Metamaterial 
property

year

[2] 0.20×0.20 1.5/3.5/5.4 0.8 FR4 Not verified 2017
[10] 0.26×0.27 2.6/3.5/4.85 0.90 FR4 +Air NA 2021
[22] 0.22×0.27 1.65/1.93/2.20 0.41 FR4 Not verified 2014
[24] 0.29×0.29 1.72/2.17 0.65 FR4 Not verified 2015
[25] 0.25×0.25 2.5/3.5/5.2 NA FR4 Not verified 2015
[26] 0.20×0.36 1.54/1.63/2.25/3.69 0.5 Rogers Duroid Not verified 2016
[27] 0.23×0.35 3.5/5.8 0.8 Fr4 Not verified 2017
[29] 0.20×0.20 3.2, 5.4, 5.8 0.26 Neltec verified 2018
[30] 0.43×0.46 5/6.8 0.6 Fr4 Not verified 2019
[31] 0.29×0.29 2.4 0.08 Fr4 and F4b-2 Not verified 2020
[32] 0.19×0.21 3.2/4/5.9 0.35 RT Duroid verified 2021
Proposed 
Antenna

0.19×0.25 2.8/4.0/4.8 1.20 Fr4 verified 2021

Table 2 Comparative study
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                  (a)               (b)

                (c)      (d)

                (e)      (f)

Figure 10. Simulated and measured gain over all three bands: (a)-(b) at 2.8 GHz, (c)-(d) at 4 GHz, and (e)-(f) at 4.8 GHz. 
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