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Miniaturized and Gain Enhancement of Tapered Patch Antenna
Using Defected Ground Structure and Metamaterial

Superstrate for GPS Applications

Kakani Suvarna1, *, Nallagarla Ramamurthy2, and Dupakuntla Vishnu Vardhan3

Abstract—The main intention to present this work is to miniaturize and gain enhancement of a
tapered microstrip patch antenna, which resonates for Global Positioning System (GPS) of L1 band
at 1.575 GHz. To accomplish this, we present a new design configuration of a Tap-Shaped Defected
Ground Structure (TSDGS). It has been utilized to switch the resonant frequency from 14.5 GHz to
1.575 GHz with no adjustment of areas of the actual Tapered Microstrip Patch Antenna (TMPA). The
prototype antenna is fabricated on a Roger RT Duroid substrate merely 58 × 22 mm2. Conclusively, a
miniaturization allowed up to 89.31%, with regard to the TMPA, is excellently accomplished. The gain
of the proposed antenna is successfully enhanced with properly locating the metamaterial superstrate
onto the basic patch antenna. A gain of 7 dBi improvement has been achieved. The proposed design
process is done with two different solvers, ADS and HFSS.

1. INTRODUCTION

Currently, the increase of efficiency, bandwidth, and miniaturization of antennas has gotten significant
need in commercial, satellite, and military wireless communication systems. Ku-band (12–18 GHz) is
best known for its use in satellite broadcast communications, and it plays a good role in everyday
human activities [1]. Microstrip antennas have certain restrictions like polarization problems, low
gain, single operating frequency, low impedance bandwidth, and narrow bandwidth [2]. There are
some techniques which have improved the performance capabilities of antenna parameters, which are
fractal geometry [3], metamaterial [4–7], array configuration [8], Electromagnetic Band Gap structures
(EBGs) [9], Substrate Integrated Waveguides (SIWs) [10], Defected Ground Structures (DGSs) [11, 12],
different feeding techniques [13], multilayer antennas [14], Defected Microstrip Structures (DMSs) [15],
Frequency Selective Surfaces (FSSs) [16], W shape slots, M-slots, and eight shape with proper location
in a patch [17–19], and distinctive shapes or a combination of them are inserted as slits and notches
on the surface of the patch to enhance the performance of a antenna [20]. The equivalent circuit of
a DGS is composed of a tuned parallel LC resonating circuit which is series with a microstrip line.
The effective inductance and capacitance values depend on the structure size and defect area. By
changing the various etched off shapes with different dimensions, the required resonance frequency is
obtained [21]. The different area shapes have the same role and the same characteristics of stopband,
high impedance, slow wave effect, and miniaturization of size [22, 23].

DGS is one of the simple and different approaches to miniaturize a conventional patch antenna.
It consists of single or multiple defects on the surface of ground plane, and it can be used for several
applications. The idea of DGS has been built to improve the attributes of several microwave planar

Received 17 November 2020, Accepted 28 December 2020, Scheduled 12 January 2021
* Corresponding author: Kakani Suvarna (kakanisuvarna21@gmail.com).
1 JNTUA, Ananthapuramu, AP, India. 2 G. Pullaiah College of Engineering, Kurnool, AP, India. 3 JNTUA, Ananthapuramu, AP,
India.



188 Suvarna, Ramamurthy, and Vardhan

(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

Figure 1. A few of the various shapes of DGS [36].

circuits. The various shapes of DGS geometries are shown in Fig. 1, and they include simple structures
such as H-shape, V-shape, U-head dumbbell, circular head dumbbell, meander lines, half-circle, L-shape,
open loop dumbbell, double equilateral U, and fractal [36]. Initially, we have done the literature survey
regarding miniature concepts, which gives less than 80% of shifting frequency and 4dBi gain of antenna
in single operating bands.

So in this research article, a new Tap-Shaped Defected Ground Structure (TSDGS) which has been
etched off in the ground plane is proposed. Its aim is to miniaturize the proposed TMPA, resonating
at 14.5 GHz (ku-band). After the implementation of DGS method, this antenna resonates for GPS
application at 1.575 GHz (L1 band). Due to this, 89.31% miniaturization is achieved. After that, a
metamaterial superstrate is introduced to achieve a gain of 7 dBi or 4.85 dB.

In this article, we have planned with three sections. Firstly a tapered microstrip patch antenna
design is explained, and then a tap-shaped DGS is described. Later metamaterial superstrate is
introduced in Section 2. Discussion about the simulation results and analysis are summarized in
Section 3, which are related to VSWR, radiation patterns, current distribution of without DGS,
with only DGS, and DGS with metamaterial superstrate. Section 4 displays about the practical
implementation. Finally, we provide the summary of the research work.

2. DESIGN CONFIGURATION OF ANTENNA

2.1. Tapered Microstrip Patch Antenna

This paper presents three kinds of antenna design models. Firstly, to accomplish the proposed plan, we
have begun from an elementary antenna demonstrated hypothetically and the elementary tapered patch
antenna length (L), width (W ), quarter wave line width (wT ), characteristic impedance (Z0), relative
effective permittivity (εre), and length of the line (LT ) are calculated by using the below given formulas,
and these formulas (1) to (4) are obtained from [33–35]. Fig. 2 shows the schematic geometry of the inset
with quarter wavelength transformer (QWT) feed Tapered Microstrip Patch Antenna (TMPA) without
DGS. This antenna resonates at 14.5 GHz in Ku-band range. After doing several optimizations, we have
finally launched a novel concept of antenna which is introduced in this paper.
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Figure 2. Proposed antenna geometry — (a) Perspective view (Ant#1); (b) Top view of conventional
planar antenna (Ant#1).

The proposed planar antenna is printed on a Roger RT Duroid substrate with a loss tangent of 0.0009
(tan δ), relative permittivity of 2.2, whole area of 58 × 22 × 1.6 mm3, and it is analyzed by using two
different solvers, ADS layout and HFSS. Table 1 gives the optimized dimensions of antenna parameters.

Table 1. The optimized dimensions of the tapered microstrip patch antenna.

Antenna parameter Dimensions [mm]
LP 5.26
L1 0.7
L2 3
L3 2.9
WP 6.5
W1 1.7
W2 0.5
W3 3.3

2.2. Defected Ground Structures (DGS)

Secondly, the etched off aperiodic and periodic structures as defects in the metallic ground plane
of microwave planar devices are known as DGS. This will bring major attraction to the microwave
researchers. By utilizing these periodic structures, higher degree of miniaturization with greater slow
wave rate is obtained. The repetition of single or multiple defects with a limited distance is known as
periodic shaped structures. At the point, when DGS has been located on the metallic ground plane of
the planar transmission line, the resonant frequency can be shifted from one position to another position
due to the variation in the dimensions of the novel TSDGS which resonates for GPS at 1.575 GHz as
shown in Fig. 3. The optimized DGS dimensions are shown in Table 2.

2.3. Metamaterial Unit Cell on Superstrate Layer

According to the work of Smith et al., the negative permittivity is obtained from the S-parameters [31].
In this article, the Nicolson-Ross-Weir (NRW) technique [32] has been implemented to attain the
negative permittivity (ε) and negative permeability (μ) of metamaterial unit cell. These characteristics
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Figure 3. Bottom view of patch antenna with only DGS (Ant#2).

Table 2. The optimized defected ground structure (DGS) dimensions.

Antenna Dimensions
parameter [mm]

s 4.85
t 55
u 8
v 1.6
Lg 22
Wg 58

are retrieved and computed by HFSS. Equations (5) to (9) are used to determine all parameters, where
K0 is a wave number, and d is the thickness of the substrate.

v1 = s21 + s11 (5)
v2 = s21 − s11 (6)

s11 = re(s11) + j(im (s11)) (7)
s21 = re(s21) + j(im (s21)) (8)

μ =
2

jk0d
∗ 1 − v2

1 + v2
and ε =

2
jk0d

∗ 1 − v1

1 + v1
(9)

Table 3. Dimensions of metamaterial unit cell.

Antenna parameter Dimensions [mm]
Aout 9.15
Ain 8.35
wt 0.4
s 0.4

Gap 0.8
wstrip 0.4
lstrip 10.5

a 2.8
b 0.925
c 1.85
d 34.3
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Thirdly, a metamaterial unit cell is designed on a superstrate of TMPA which resonates for a similar
frequency to DGS. It is placed above the TMPA with an air gap of 51 mm, and it has been used for gain
enhancement. The superstrate consists of four metamaterial unit cells on an FR-4 substrate (ε = 4.4)
with 1.6 mm thickness and 4 metallic strip lines on the other side of the same substrate. The whole
dimensions of the metamaterial superstrate layer are 58 × 22 mm2, and it is located at a distance “d”
of 34.3 mm apart from each other. Finally, superstrate layer is designed, analyzed, and simulated for
double negative properties of permittivity and permeability. It is optimized for the desired frequency
band and has been specially used to increase the gain of TMPA to 7 dBi. The proposed unit cell is
analyzed by using the high frequency structural simulator (HFSS). The optimized dimensions of the
metamaterial unit cell are listed in Table 3, and the metamaterial unit cell geometry is as shown in
Fig. 4. The top view of the superstrate has four metamaterial unit cells, and it is introduced onto the
conventional patch antenna with an air gap between them as shown in Fig. 5.

Figure 4. Geometry of metamaterial unit cell.

(a) (b)

Figure 5. (a) Top view of superstrate (Ant#3); (b) Final construction of single band patch antenna
incorporated with metamaterial unit cell.



192 Suvarna, Ramamurthy, and Vardhan

3. RESULTS, ANALYSIS AND DISCUSSIONS

The proposed Tapered Microstrip Patch Antenna (TMPA) is simulated with two distinct
Electromagnetic (EM) simulation softwares: ADS and HFSS. In these results, we discuss the return loss,
current distribution, radiation patterns, parametric analysis of long slot, VSWR, and the characteristics
of the unit cell such as relative permittivity and relative permeability.

3.1. Return Loss

The measured and simulated return losses of proposed antenna are acquired from a basic conventional
patch antenna by using ADS and HFSS, which are shown in Fig. 6. It brings good input impedance
matching at 14.5 GHz with a small acceptable shift in ADS as compared with HFSS solver. The
reflection coefficient of tap-shaped DGS gives good matching at 1.575 GHz with return losses of −26.51
and −33.11, respectively, is obtained. Its bandwidth is equal to 230 MHz (1.48 GHz to 1.69 GHz).

(a) (b)

(c) (d)

Figure 6. Return loss simulated and measured — (a) & (b) TMPA at 14.5 GHz without DGS (Ant#1);
(c) & (d) with only DGS; with DGS and metamaterial at 1.575 GHz (Ant#2 & 3).

3.2. Parametric Analysis of Long Slot (s) in mm

We can see that the effect of TSDGS which permits to switch its location of the resonant frequency from
14.5 GHz to 1.575 GHz. The proposed TSDGS is designed and analyzed for the effect of different lengths
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of a long slot ‘S’ in mm. The impact of DGS, as the length of the space expanding, gives the effect
of moving the principal resonances (Right to Left) to bring down frequencies. A tap-shaped long slot
length ‘s’ is 45 mm (solid line curves) which has the first resonance at 1.85 GHz, whereas the subsequent
resonance is nearly at 1.8 GHz for ‘s’ = 46 mm. Further, with an increment of this parameter, i.e.,
54 mm and 55 mm, we can notice the existence of resonant frequencies at 1.6 GHz and 1.575 GHz with
return losses of −25.3 dB and −26.51 dB, respectively. The parametric study of the tap-shaped DGS
antenna has been done by using HFSS. The return loss of the tap-shaped long slot with different lengths
‘s’ is presented in Fig. 7.

Figure 7. Parametric analysis of tap shaped-long slot with various lengths ‘s’ in mm (Ant#2).

3.3. Current Distribution

The distributions of different surface currents are acquired from the simulation of HFSS for TMPA
without DGS, with only DGS, with DGS and metamaterial superstrate at 14.5 GHz and 1.575 GHz,
respectively, and three dimensional gain plots are observed in Fig. 8. The ground plane defects disturb
the distribution of current. This current focuses around the TSDGS and metamaterial, and as a result,
excitation is controlled. Due to this, the electromagnetic waves propagate through the substrate and
will change the resonance at particular peak value.

(a)
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(d) (e)

(b)
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(f)

Figure 8. The distribution of surface current and three dimensional gain plot — (a) & (d) at 14.5 GHz
without DGS (Ant#1); (b) & (e) at 1.575 GHz with only DGS (Ant#2); (c) & (f) at 1.575 GHz with
DGS and superstrate metamaterial (Ant#3).

3.4. Radiation Pattern

The radiation patterns of H-plane (φ = 90) and E-plane (φ = 0) of the proposed antenna without
DGS, with only DGS, and with DGS and metamaterial are presented in Fig. 9. The conventional
antenna radiates on both sides of ground plane due to the aperture efficiency performance. As a result,
it produces a higher back lobe radiation level which explains the gain reduction about 3.36 dB. The
increase of lateral and longitudinal radiations will describe this gain reduction due to the propagation
of surface waves. Especially, these radiations adversely affect the main lobe power, and therefore a
reduction of the gain is produced.

3.5. VSWR

VSWR is pertinent to the coefficient of reflection, and it is explained as the ratio of higher voltage
value to the lower voltage value of a standing wave which has been stored in the dielectric. One of
the specific parameters of tapered microstrip patch (TMPA) antenna is VSWR (voltage standing wave
ratio). The limit of VSWR of TMPA is not exactly or equivalent to 2. This scale is fulfilled by all

(a)
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(b)

Figure 9. Radiation patterns of measurement and simulation for without DGS, with only DGS, and
metamaterial superstrate with DGS — (a) (E-plane) and (b) (H-plane).

resonant frequencies. The worthy estimation of VSWR must be in the range from 1 to 2. Fig. 10 shows
simulated and measured plots of VSWR of the proposed model with values of 1.03, 1.09, and 1.04 for
the corresponding resonant frequencies of 14.5 GHz and 1.575 GHz, respectively.

(a) (b)

(c) (d)

Figure 10. VSWR plot for the proposed model — (a), (b) at 14.5 GHz; (c), (d) at 1.575 GHz.
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(a)

(b)

Figure 11. The real and imaginary values of (a) permittivity and (b) permeability.

Table 4. Comparison of different published literatures and proposed antenna.

Ref.,

year
Technique

Substrate

material

Antenna

size

(mm3)

Switching

Resonant

Frequency

GHz

Miniaturized

Percentage

Gain

(dBi)

Gain

(dB)
Application

[24] 2014 DGS FR4 13 × 12 × 1.58 5.7 to 3 47.36 2.14 0.01 WiMAX

[25] 2017 DGS FR4 34 × 34 × 1.6 5.8 to 2.5 56.89 1.75 0.4 ISM

[26] 2017 DGS FR4 27.9 × 35.75 × 1.6 5.8 to 2.45 57.77 4.835 2.087 ISM

[27] 2017 DGS FR4 34 × 34 × 1.6 5.8 to 2.45 57.77 No-Data No-Data ISM

[28] 2017 DGS FR4 11.5 × 10.5 × 1 7.4 to 5.4 27.02 No-Data 1.6 ISM

[29] 2017 DGS FR4 27 × 30 × 1.6 10 to 3.5 65.0 4.41 2.26 WiMAX

[30] 2019 DGS FR4 34 × 34 × 1.6 13 to 2.4 81.53 3.83 1.68 WLAN

Proposed

system

DGS and

metamaterial

Rogers RT/

Duroid 5880

FR4

58 × 22 × 1.6 14.5 to 1.575 89.13 7 4.85 GPS
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3.6. Relative Permittivity and Relative Permeability of the Metamaterial Unit Cell

Figure 11 shows negative characteristics of permittivity and permeability for metamaterial unit cell
at 1.575 GHz. We can determine the effective permeability and permittivity of a metamaterial-slab
from HFSS simulations by using Floquet port analysis concept. The results are obtained for negative
permittivity and permeability of superstrate in the desired frequency band at 180 degree orientation.

Finally, we can see the summary of other published literatures in comparison with proposed antenna
for various parameters in Table 4 and comparison of simulated and measured results of proposed
antennas in Table 5.

Table 5. Comparison of simulation and measured results of proposed antennas.

Type of Antenna
Bandwidth

(GHz)
Return loss

(dB)
VSWR

Resonant
frequency

(GHz)
TMPA Simulated 1.75 −36.46 1.03 14.5

Without DGS Measured 2 −25 1.09 13.95
TMPA with only Simulated 0.23 −26.51 1.09 1.575
Tap shaped DGS Measured 0.25 −29 1.06 1.75

TMPA with Tap shaped Simulated 0.19 −33.11 1.04 1.575
DGS and Metamaterial Measured 0.20 −33.5 1.03 1.9

4. PRACTICAL IMPLEMENTATION

The fabrication of all models after the analysis of the simulation results for the proposed tapered
patch antenna without DGS, with only DGS, and with DGS and metamaterial superstrate is shown in
Fig. 12, and the prototype antenna has a size of 58× 22× 1.6 mm3. The proposed antenna is fabricated
by utilizing an MITS prototyping machine and experimented with using the Vector MS2037C Network
Analyzer (VNA).

(a) (b) (c) (d)

Figure 12. Fabricated prototype of antenna — (a) bottom view of conventional planar antenna
(Ant#1); (b) top view patch antenna (Ant#1); (c) back view of miniaturized antenna with only DGS
(Ant#2) and (d) top view of metamaterial superstrate with DGS (Ant#3).

5. CONCLUSION

In this paper, we have developed a creative methodology of miniaturized tapered microstrip patch
antenna by using DGS technique. At first, the basic proposed convention antenna was tried at 14.5 GHz.
The goal of this work was to shift the resonance frequency from 14.5 GHz to 1.575 GHz. When a tap-
shaped DGS is employed in the ground plane of the tapered patch antenna, the surface current flow is
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wandered, and consequently the electrical length of antenna is expanded. So by expanding the electrical
length of the antenna, the resonance frequency is moved. After this achievement, a miniature tapered
microstrip patch antenna has been developed, examined, and validated for Global Positioning System
in satellite navigation system (GPS) application. The proposed antenna gain is successfully enhanced
through the incorporation of the metamaterial superstrate onto the tapered patch antenna. A gain of
7 dBi has been improved, and miniaturization is up to 89.31%, with respect to the conventional tapered
microstrip patch antenna, and is effectively carried out.
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