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Abstract—This study presents a Defected Ground Structure
(DGS) mechanism and improves its antenna properties.
Three DGS models are discussed: two including a single
antenna and one including an array microstrip antenna
design. The microstrips are designed for broadband wireless
frequencies of 2.1 GHz (5G Technology) for a single antenna,
and 5.8 GHz (wireless local area network) for an array
antenna. These frequencies are achieved using three shapes
of DGS in the simulations and the results are suitable for
broadband applications. The antenna patches are
rectangular with two types of DGS, and an array circular
with one type of DGS. The results show the DGS provides
better bandwidth and gain for a single antenna. Nevertheless,
DGS achieves gain enhancement for an array antenna and
this design yields a miniaturized array antenna of 69.92%
and 73.47% in width and length, respectively. The three
shapes of DGS have different designs: rectangular patch
antenna with frame-shaped DGS, rectangular antenna with
rectangular slot-shaped DGS, and array circular antenna
with rectangular slots of DGS. A rectangular patch antenna
with frame-shaped DGS and an array circular antenna with
rectangular slots of DGS yields bandwidths of 533 MHz and
327 MHz. The single antenna improves the fractional
bandwidth by 25.38% with a miniaturized patch. Nonetheless,
the array circular antenna with DGS obtains a gain
enhancement of 16 dB greater than the initial array without
DGS.

Keywords—microstrip antenna, defected ground structure,
resonant  frequency, impedance bandwidth, gain,
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. INTRODUCTION

The trend of miniaturization has been prevalent in
various fields of electrical engineering. This trend also
affects the field of electromagnetics devices, specifically
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antennas [1]. One mechanism to miniaturize the antenna is
using modified ground planes. Engineered ground planes
are demonstrated as Defected Ground Structure (DGS),
and have evolved from Electromagnetic Band-Gap (EBG)
structures [1-3]. A DGS is a structure that is used to alter
the electrical characteristics of a microstrip transmission
line or any other similar structure. This alteration affects
the behavior of microstrip antennas [4]. Moreover, DGS is
widely used in designing antennas, filters, integrated
circuits, and more. DGS for filter design is discussed in [5—
10]. A CMOS with DGS for low-phase noise is discussed
in [11].

Re. [12], a design approach for transforming an L-
shaped stub into a U-shaped stub antenna using DGS was
presented. The models give fractional bandwidths of 5.7%
and 6.89% for resonant frequencies of 3.5 GHz and 5.8
GHz. A fractional bandwidth of 7 % is discussed in Ref.
[7] and the DGS model can cancel the harmonics
frequencies. A modified antenna using DGS and diodes is
shown in Ref. [13] and gives a fractional bandwidth of
20.1%. A bow-tie antenna using DGS gives a fractional
bandwidth of 13.37% as discussed in Ref. [14]. A model
of DGS design to reduce cross-polarization is performed
in Ref. [15]. A super fractional bandwidth of 183.17% is
achieved in Ref. [16] using DGS. Ref. [17], a monopole
circular patch is investigated, exhibiting an impedance
bandwidth of 8.1%. Furthermore, at frequencies of 2.9
GHz and 9.1 GHz, the antenna demonstrates enhanced
gains of 8.4 and 8.2 dBi, respectively. These findings
highlight the improved performance characteristics of
antennas across a wide frequency range. The study in Ref.
[18] investigates the integration of an edge-located EBG
structure with a DGS, emphasizing their combined effects
on noise. However, the specific characterization of
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fractional bandwidth is not explicitly addressed in this
context. The authors described in Ref. [19] focuses on the
implementation of multiple gradual semicircle-shaped
DGS incorporated into the rear end of the antipodal
Vivaldi antenna. The utilization of these DGSs resulted in
a fractional bandwidth of 15.63% and an approximately 2
dB enhancement in gain.

An antenna with Multiple-Input Multiple-Output
(MIMO) is proposed in Ref. [20] and minimizes the
mutual coupling effect between antenna pairs.
Asymmetrical pyramidal antenna design employing
MIMO techniques and incorporating DGS is introduced in
Ref. [21]. This antenna is optimized for operation at 7.5
GHz, demonstrating a fractional bandwidth of 116%. The
study in Ref. [22] presents a comprehensive examination
of innovative techniques employed in omnidirectional
patch antenna design. Its focus is on achieving
omnidirectionality in the H-plane through the
incorporation of a DGS. The investigation reveals a
fractional bandwidth of 5.51% and a gain of 2.3 dB,
demonstrating the effectiveness of the proposed design. A
MIMO antenna design incorporating DGS is discussed in
Ref. [23]. This antenna design exhibits favorable
characteristics, including isolation and circular
polarization gain across the entire frequency band of 3.4
GHz to 3.8 GHz, with a gain of 5 dB. Additionally, the

MIMO antenna achieves a fractional bandwidth of 11.43%.

An impedance bandwidth of 33.85% is discussed in Ref.
[24] for an array antenna with DGS. To validate the
efficacy of a surrogate-assisted DGS in Ref. [25], a 2>
array of microstrip antennas was employed for testing. The
investigation confirms the utility of the surrogate-assisted
DGS approach, yielding a minimum fractional bandwidth
of 28.57%. Ref. [26], the fractional bandwidth of a 2>2
array antenna with DGS is 12.8%.

The abovementioned references [7, 12, 14-16, 18-22]
do not discuss the miniaturization or enlargement of the
patches or substrates after the DGS implementation on the
antenna. In this study, a DGS impact on the antenna
dimension point of view is discussed. This research
provide insight into the design of single and array
microstrip antennas using DGS.

DGS design affects the antenna properties, particularly
the resonant frequency. This study investigates the DGS
impact on the resonant frequency and the solution to obtain
the target of the resonant frequency. To obtain the resonant
frequency of the antenna, there must be a dimension
change on the substrate, patch, or feedline. The single
antenna design is meticulously studied here, with
modifications to the substrate dimensions, to achieve a
resonant frequency of 2.1 GHz. Furthermore, the array
antenna has been miniaturized, including both patches and
substrates, to attain a resonant frequency of 5.8 GHz. The
resulting antennas are convenient for operating in resonant
frequencies and with broadband properties.

This paper is divided into five sections. The introduction
is discussed in Section | regarding various DGS models
that have been carried out to improve antennas’ properties.
Section |l discusses the initial antenna designs without
DGS. Next, Section Il discusses the DGS models
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proposed. The DGS models are two designs of a single
antenna and one design of an array antenna. The antenna
patches are miniaturized in DGS designs. Section IV
discusses the DGSs impact on the antenna properties. In
this section proves that common DGS models proposed
improve the antenna properties and miniaturize designs.
This section also presents the feasibility DGS models with
others. In the final stage, Section V is the conclusion of
this study.

Il. SINGLE AND ARRAY ANTENNA DESIGN

Commonly, a substrate is a Flame Retardant (FR) with
material four levels of epoxy resin and glass fabric
compound. The detailed characteristics of this material are
shown in Table I. The antennas are designed using FR-4 in
simulations. The relevant process is shown in Fig. 1. The
first initial antenna design is a rectangular patch antenna
for a resonant frequency of 2.1 GHz. The second is an
array 2x1 circular patch antenna for 5.8 GHz. Detailed
antenna characteristics are shown in Tables Il and I11. The
resonant frequencies are chosen for broadband
communication as Long-Term Evolution (LTE) or 5G
technology and WLAN (wireless local area network). LTE
has several frequencies for its networks, and the resonant
frequencies of 2.1 GHz for downlink communication in
LTE networks and unlicensed LTE of 5.8 GHz [27] are
chosen. The 5.8 GHz can also be used for wireless
broadband, WLANs. The first step of this study is
mathematically designing each antenna based on the
resonant  frequency  requirement and  material
characteristics. This step yields the initial antenna
dimensions. Furthermore, the antenna designs are
simulated using CST software and the modified ground
plane to obtain the antenna requirements. For a single
antenna, an initial rectangular shape is modified using two
types of DGS. The first shape is a frame of the DGS, and
the second is a rectangle including the DGS. For the array
antenna, the antenna characteristic is optimized using one
shape of DGS. The circular array antenna is designed using
two rectangular slots of DGS.

TABLE I. ANTENNA SUBSTRATE SPECIFICATIONS

Antenna Parameter Unit
Substrate Type FR-4 epoxy
Relative permittivity (Dielectric
4.3
Constant), &,
Loss Tangent Dielectric, § 0.0265
Substrate Height, h 1.6 mm
Dimension of Patches
= Resongm f Antenna Designs Antenna
21 ;_?ZU;TSISZ%HZ (Re_ctangular and Simulations
Circular Array)

Rectangular with a frame-shaped on DGS ‘

h 4

Optimized Antenna
Design using DGS

Rectangular with an rectangular-shaped
on DGS

Circular array with rectangular-slots- ‘

shaped on DGS

Fig. 1. Study process of DGS.
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A. Rectangular Patches Antenna Design

The rectangular microstrip is designed for a resonant
frequency of 2.1 GHz. The rectangular microstrip has a
width, W, and length, L and can be designed using Egs.
(1-2) in [1], where v, is the free-space speed of light, f,. is
the resonant frequency, u, is the permeability of free-
space, and ¢, is the permittivity of free space.

Vo

W=l )
2fr (g7
= 2
2fr Hofom

The effective dielectric constant of the patch, &..zf is
calculated using Eq. (3).

1

& =
reff (—1+ﬂ
w

The front and rear views of the rectangular antenna are
shown in Figs. 2—3. The rectangular patch has a width, )
of 44 mm and a length (L) of 33 mm, including of a
feedline width of 3mm and a length of 16.61 mm. The
detailed patch rectangular antenna designs are shown in
Figs 2-3; and Table II.

fr+1 | &r-1
+
2 2

®

TABLE Il. RECTANGULAR ANTENNA SPECIFICATIONS

Parameter Parameter Meaning Unit (mm)
w width of patch 44
L length of patch 33
114 width of feedline 3
Ly length of feedline 16.61
|74 width of substrate 57
Ly length of substrate 57

<+ W >
-~
W =44 mm
L L |33 mm
Wie=3 mm v
&~ ﬂ
Lg| | [16.61 mm
v ¥ ==X

Fig. 2. Front view of a rectangular antenna.

Fig. 3 shows the initial ground plane design with a
dimension of 57 mm in width and length and the same size
as its substrate. At this stage, the antenna is not optimized
in the initial design; nevertheless, the resonant frequency
is achieved.
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¥
== 57.00 mm

x

component1:Ground

Material Copper (annealed)
Type Lossy metal

Mu 1

5.8e+07 [S/m]
8930 [kg/m*3]
401 [W/K/m]

0.39 [k)/K/kg]
0000115141 [m"2/5]
120 [kN/mm*2]
033

17 [1e-6/K]

w0 Ls

Electric cond,
Rho

Thermal cond.
Heat capacity
Diffusivity
Young's modulus
Poisson's ratio

Thermal expan.

Fig. 3. Rear view of the rectangular antenna without DGS.

Initial
mpedance bandwidth

-10

-12

-14

2 2,025 205 2075 21 2125 215 2175 22

Frequency (GHz)

Fig. 4. The initial impedance bandwidth of rectangular antenna.

The initial rectangular antenna, as depicted in Fig. 2, has
an impedance bandwidth of 52 MHz. However, this
bandwidth does not meet the requirements of broadband
applications. Consequently, the antenna design is
optimized using software simulations to obtain a suitable
impedance bandwidth for broadband communication.

B. Array Patches Antenna Designs

The 2x1 array microstrip antenna design consists of two
circular patches. The antenna is designed for 5.8 GHz with
the circular patches’ radius, a,, are calculated using Eq. (4).
The F parameter is designed using Eq. (5) such that the
circular patch radius, a, is 58.59 mm:

F

a, = 4
? [1+%[1n(%)+1.7726]}1/2 )
g 0

The array element has a distance of d,,, and is calculated
using Eq. (6):

A
do =~

(6)
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W, =250 mm

205 mm

¥

t

Y @==bx

Fig. 5. Front view of a circular array antenna.

The front view of the array antenna is shown in Fig. 5
and the ground plane without DGS. The substrate has a
width of 250 mm and a length of 205 mm. Each circular
patch has a diameter of 58.59 mm and an inner circular slot
of 40 mm diameter. A feedline is connected to the circular
patches at the middle point of the patches. The feedline
separates the antenna in 131.65 mm for the inner feedline
and it has a width of 5.8 mm. Detailed antenna parameters
are shown in Table I1I.

TABLE Ill. CIRCULAR ARRAY ANTENNA SPECIFICATIONS

Parameter Parameter Meaning Unit (mm)
a, Outer circular patch 58.59
a; inner circular slot 40
d; width of inner feedline 131.65
d, width of outer feedline 137.15
|74 width of substrate 250
L length of substrate 205

I1l. DGS DESIGN

The DGS designs results are presented in this section;
showing how the ground structure designs change the
antenna characteristics. Therefore, to achieve resonant
frequencies, the patches, feeds, or substrate dimensions are
accordingly adjusted.

The rectangular patch antenna is designed using two
shapes of DGS. The first rectangular antenna is designed
as a frame-shape, and subsequently uses a rectangular-
shaped DGSs. The circular array antenna is designed using
a single shaped of DGS based on: two rectangular slot-
shaped designs.

A. Rectangular Patch Antenna with Frame-shaped DGS

The substrates of this design are widened to 0.47 mm
from the initial design. The outer frame-shaped DGS has
the same width as its substrate, 57.47 mm, whereas the
inner boundaries are 41.57 mm and 31.1 mm. The
rectangular patch is constantly the same as the initial
design. The details of the frame shape are shown in Fig. 6.
The frame-shaped DGS provides a resonant frequency of
2.1 GHz. The simulation obtains the magnitude of the
reflection coefficient, S;; of —23 dB at the resonant
frequency. The device has an impedance bandwidth of 533
MHz, which is shown in Fig. 7.
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&~
31.1 mm 57.47 mm
v -+ >
ﬂ ¥ 41.57T mm
=P x v
) 57.47 mm i
Fig. 6. Frame-shaped DGS design.
0
-5
Bandwidth
A0 e ™Ne———————
> -15
-20
-25
-30
1.5 1.75 2 2.25 25

Frequency (GHz)
Fig. 7. S;, of frame-shaped DGS.

B. Rectangular Antenna with Rectangular Slot-Shaped
DGS

The second DGS design has two slots on the edge side
of the ground with the ground plane exactly behind the
patch in the rearview. This detailed design is shown in Fig.
8. Generally, the size of this substrate is enlarged by 22.8%
compared to the initial design, in order to obtain the
resonant frequency of 2.1 GHz. The ground plane has a
width of 34 mm and a length of 70 mm. The rectangular
slot-shaped DGS gives an impedance bandwidth of 118
MHz. This shape is shown in Fig. 9.

70 mm

¥

34 mm

=P x

F Y
h

&
-+

.
L

70 mm
Fig. 8. Rectangular-shaped DGS design.
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s11 (dB)

1.5 1.75 2 225 25
Frequency (GHz)
Fig. 9. S;; rectangular-shaped DGS.

C. Array Circular Antenna with Rectangular Slots of
DGS

The initial design of the ground plane has a width of
250 mm and a length of 205 mm. The ground plane is
modified using two rectangular slots of DGS. To obtain the
resonant frequency of 5.8 GHz, the size of the antenna is
minimized. The miniaturized antenna has dimensions of
75.20 mm x 54.93 mm with detail of DGS shown in Fig.
10. Two slots of DGS are at the back side of the patches.
The front view of the array circular antenna is shown in
Fig. 11. The circular slots on the patches are shifted toward
the top edge of the patches. The result of this modified
antenna demonstrates suitable antenna performance for
LTE applications. The impedance bandwidth is obtained at
327 MHz and shown in Fig. 12.

2280 mm

22,80 mm

94.93 mm

¥

1

=P X
Fig. 10. Rectangular slot-shaped DGS design.

75.20 mm

7520 mm

@ O

54.93 mm

34#‘mm

w_u1 TZ L

¥
ﬂ g .16 mm
| @==px

Fig. 11. Front view of the array circular antenna.

Bandwidth
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11 (dB)
S
(=]

-30

-40

5 5.25 5.5 5.75 6 6.25 6.5
Frequency (GHz)

Fig. 12. Sy, rectangular slot-shaped DGS.

IV. RESULTS AND DISCUSSION

This section discusses the antenna performance before
and after using DGS.

A. Antenna with DGS

The results of rectangular DGS models are shown in
Tables 1V-V. Table IV shows the rectangular antenna
properties in detail. The rectangular DGS with a frame
shape is better than the rectangular DGS. The impedance
bandwidth of the frame-shaped DGS is 533 MHz, which is
9.25 times wider than that of the initial rectangular antenna
without DGS. The fractional bandwidth of this model
achieves 25.38% and its gain reaches 3.24 dB. These
properties are improved from the initial rectangular
antenna without DGS. The rectangular patch design is
minimized from the initial. Nevertheless, the minimized
rectangular patch obtains a gain enhancement
approximately 1.2 dB from the initial design. The
rectangular frame-shaped DGS is shown in Fig. 13.

4 dBi
3.24
-1.61
-6.46
-11.3
farfield (f=2.1) [1] 162
Type Farfield
Approximation enabled (kR >> 1)
Component  Abs

Output Gain

Frequency 21GHz

-25.9
-30.7
-36.8
Rad. Effic. -0.5399 dB

Tot. Effic. -0.5672 dB
Gain 3.240 dBi

ﬁ
=P 1

Fig. 13. Rectangular with frame-shaped DGS gain.

TABLE IV. RECTANGULAR ANTENNA

Design
Antenna . Rectangular
Properties Rectangular with with
Rectangular frame-shaped
DGS rectangular-
shaped DGS
Impedance
Bandwidth 52 MHz 533 MHz 118 MHz
Gain 2.44dB 3.24dB 3.3dB
Fractional
Bandwidth 2.48% 25.38% 5.62%
Antenna
dimension 57 x 57 mm 57.47 x 57.47 mm 70 x 70 mm
Patch 44 % 33 mm 41.57 x 31.1 mm 44 % 30 mm
design (miniaturized) (miniaturized)
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TABLE V. CIRCULAR ARRAY ANTENNA

Design
Antenna Circular Array with
Properties i
P Circular Array Rectangular Slots of DGS

Resonant 5.85 GHz 5.8 GHz
Frequency
Impedance
Bandwidth 497 MHz 327 MHz
Fractional 0 o
Bandwidth 8:51% 564%
Gain -11.14dB 5.34dB
Gain
improvemen - 16.48 dB
t
Antenna 75.2 x 54.39 mm
dimension 250205 mm (miniaturized)

18 mm circle diameter
(miniaturized)

58.59 mm circle

Patch design diameter

The antenna properties of the circular array antenna are
shown in Table V. A circular array with rectangular slots
of DGS gives better gain than the initial design. Moreover,
this model is miniaturized in width and length by 69.92%
and 73.47%, respectively; nonetheless, the antenna gain is
improved up to 16 dB. The gain of the circular array with
rectangular slots of the DGS antenna is shown in Fig. 14.
Figs. 13-14 are the results of antenna designs using CST
(Computer Simulation Technology) Studio Suite software.

According to the antenna properties with DGS, better
performance in impedance bandwidth or gain can be
achieved using a slot of DGS on the back side of patches.
The rectangular with frame-shaped DGS is modeled using
a rectangular slot at the back side of its patch and gives

wider impedance bandwidth. Moreover, the circular array
with rectangular slots of DGS gives a gain improvement in
the miniaturized antenna. These two models of DGS rely
on the same concept of DGS design, example to put a slot
at the back side of its patches.

dBi

farfield (f=5.8) [1]

Type Farfield
Approximation  enabled (kR »> 1)
Component  Abs

Output Realized Gain
Frequency 58 GHz

Rad. Effic. -2.065 dB

Tot, Effic, -2074 d8

Rizd. Gain 5337 dBi

Fig. 14. Gain of the circular array with rectangular slots of DGS.

B. Feasibility DGS Models with Others

The rectangular with frame-shaped DGS reaches the
fractional bandwidth of 25.38% and this value is better
than the fractional bandwidth reported in [12-14], [20].
For a resonant frequency of 5.8 GHz, the circular array
with rectangular slots of DGS has better gain than [25] in
the gain. We compare our designed antenna with another
antenna, as shown in Table VI. The final antenna designs
are also shown in Fig. 15, where Fig. 15(a) depicts the final
patch design of the rectangular antenna and Fig. 15(b)
being the final design of the circular array antenna.

TABLE VI. ANTENNA DESIGN COMPARISON

References of A Single Antenna

References of An Array

. Antenna
Antenna Properties Qian ot
Chenetal. [12] Liuetal.[13] Astutietal. [14] This work al.[25] This work
Three DGS
. Rectan'gular at the L-shaped stub  cross-dumbbell Rectangular etched Rectangular Slots
DGS Design left side of the frame-shaped
and DGS DGS between the of DGS
ground DGS
antennas
Resonant frequency 3.5GHz 5GHz 3.5GHz 2.1GHz 2.45 GHz 5.8 GHz
Impedance Bandwidth 200 MHz 1.01 GHz 490 MHz 533 MHz 200 MHz 327 MHz
Fractional 0 N 0 0 o 0
Bandwidth 5.71% 20.1% 13.37 % 25.38% 8.16% 5.64%
Gain Not mention - - - reduction 16.48 dB
Antenna dimension 14 x 14 mm 45 x 45 mm 90 x 90 mm 57'47er“57'47 84mxm84 75.2 x 54.39 mm
) . . 2x2 2 x 1array of 18
Patch design U-shaped design 14 9 x 345 mm Bowtie 26 x 20  Rectangular 41.57 rectangular mm circle
x 14 mm mm x 31.1 mm -
arrays diameter

(@

(b)

Fig. 15. Final patch antenna design, (a). rectangular, (b). array.
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V. CONCLUSION

A study on designing DGS models is reported here. The
results show that the ground plane at the back side of the
substrate should have a slot of DGS to perform a wider
bandwidth or enhanced gain over the full ground plane
design. The rectangular antenna with a frame-shaped DGS
improves the fractional bandwidth by almost 10x. The
array antenna enhances the antenna gain of 16 dB using
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DGS. The patch rectangular antenna is miniaturized by 10%

from the initial patch, while the array patch antenna is
miniaturized by 73% in the DGS model. The miniaturized
patch antenna with DGS can achieve properties suitable
for broadband applications.
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