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ABSTRACT: This paper aims to design an optimized inset feed MPA for Wi-Fi band
applications to resonate at 5.9 GHz. Defected ground structures (DGS) in dumbbell (DB)
shape and Slot were etched to maximize the device's performance; the impedance of the
antenna was perfectly matched with the impedance of the micro-strip line at 50 Q. Improved
bandwidth was achieved compared to the state-of-the-art MPA reported. The design
methodology of the proposed antenna proceeds with a simulation of conventionally computed
inset feed MPA using Ansys HFSS. The rectangular slot and DB-shaped DGS were etched on
the ground plane at the same positions. Their effects on the performances of the antenna are
comparatively analyzed by varying the dimensions. Further, the conventional, optimized, and
antenna integrated with DB-shaped and slot-type DGS were analyzed with a fabricated
prototype built in the laboratory. The performances of the prototype of the proposed antenna
were found to be in good agreement with the simulated one. The defects in the ground plane
are utilized to reduce the resonating frequency, bandwidth was upgraded to 300 MHz, a gain
of 4.7 dB was achieved at a minimum measured return loss of -33.16 dB and back lobes were

reduced.

KEYWORDS: Bandwidth, Defected Ground Structure, Dumbbell, Micro-Strip Antenna, RF

Energy, Wi-Fi Band
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1. INTRODUCTION

Wi-Fi band is an ambient source of radio frequency (RF) energy available everywhere
unlicensed. One of the most necessary units required to reuse such ubiquitous energy to power
the distributed electrical devices and the Internet of Things (IoT), is to design an
electromagnetic (EM) receiving module to support the Wi-Fi range of frequencies. Micro-strip
patch antenna (MPA) is common in practice to use in wireless communication. Wi-Fi is now a
commonplace technology in both indoor and outdoor settings, offering a plentiful supply of RF
energy that is always present. It would be ideal if some receiving devices could utilize somehow
wasted energy at 2.4 GHz and 5.9 GHz Wi-Fi radiation [1], either transforming directly into
electrical energy to immediately power low-power electronic circuits or storing it for future use
[2],[3]. The primary approach for utilizing the ambient RF energy is to have an efficient

receiving module, with significant operating bandwidth and sufficient gain [4].

Due to the increased use of portable wireless devices, wireless frequency bands have
become a key problem in communication systems [5,6], making it difficult to miniaturize the
aerial while maintaining high performance throughout the bands. Practically in all wireless
applications, micro-strip antennas are chosen. Because of its numerous benefits, including
conformal design, compatibility with integrated circuits, low weight, low volume, and cheap
cost, the micro-strip patch antenna (MPA) has proven to be an effective radiator for many
applications [7]. Narrow bandwidth, low efficiency, high Ohm loss, ability to withstand low
RF power, and low gain are the drawbacks of MPA. The performance of the MPA has been
improved by utilizing a variety of methods. A commonly used technique is a defective ground

structure (DGS) [4], which is used a lot in modern active and passive devices. Depending on
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its geometry and size, each DGS shape has characteristics that influence the device's
performance [8], [9]. Like minimizing component size, boost operational bandwidth and gain,
decrease the mutual coupling between two networks, suppress higher-order harmonics, and
avoid unwanted cross-polarization [5]. So, DGS has been etched to improve the performance

of the antenna.

The literature regarding MPA design for wireless communication has reported
maximum use of the operating frequency at S-band and 5G bands; although their bandwidth
performances were poor, they have large sizes and complex design structures. In paper [10],
the proposed patch antenna, operating at 28 GHz, has a complex design structure, although it
presents improved bandwidth. Similarly, the MPA designed in [6-8], operates at 2.5 GHz, even
after integrating DGS, reporting a bandwidth of 64.23 MHz and 67 MHz only; in addition, no
miniaturization is achieved. An Inset-feed MPA are the most widely implemented antennas for
numerous radio applications due to their simple geometry and excellent performance. For
example, wireless LAN applications, GPS, and radar use inset feeding techniques [6]. The 5.9
GHz frequency is virtually not in use; instead, this range could address the high demand for
RF spectrum required to connect the increasing numbers of devices, which could result in
drastic economic benefits for the country too. The 5.9 GHz band could be the better option to
provide the fastest GB range data connectivity at minimum cost to the public. Recently,
researchers have become interested in the efficient harvesting of such an always-on ambient
source of energy and its potential to power the electrically distributed systems in the future.
Virtually unused 5.9 GHz frequency can fulfill the increasing market demand for RF spectrum

and could contribute to the economic benefits of providing super-fast connectivity.

Design of MPA operating at Wi-Fi band 5.9GHz for receiving the freely radiating

energy in the surrounding space and utilizing it to power the distributed electronic devices is
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the major scope of this research [11]. This allows a versatile receiver unit to harvesting the
freely available RF energy. The state-of-art in antenna design insights the 5.9GHz band of
frequency is not in preference of researchers. So, researcher decides on designing and
optimizing a receiving MPA for application in harvesting RF energy being wasted at 5.9GHz
band and at the mean time exploring the effects of DB-shaped and rectangular slot shaped DGS
etched at same location for comprehensively analyzing the performances is another major aim
of the research. Further it concerns in the novel approach to comparatively analyze the effect
in performances when the dimensions of the DGS were varied. The literatures on MPA design
have explored lots of aspects related to design and optimization but this research investigated
on a novel approach to design MPA operating at 5.9GHz, and comparatively analyzed the two
different DGS techniques, hence presenting best performances, as a result the designed patch
antenna is perfectly matched tuning at the reflection coefficient of -36.16 dB, the antenna
resonates at 5.9 GHz and enhance the bandwidth up to 300 MHz. This paper in addition aims
to investigate on comprehensive operation of conventional (based on calculation), Optimized
(using Ansoft HFSS), and DGS (DB and rectangular Slot shape) configurations etched at the
center of ground plain, so that it could serve as a foundation to address the inherent limitation
and challenges included in the design of such inset feed MPA working at 5.9GHz band.
Mathematical calculations, simulation setup, optimization techniques, antenna design
procedure and performance measurements are described in depth in the design and analysis

section.

Our research contributes, in the broader area of knowledge on nset-feed MPA designed
with integrating a dumbbell (DB) type and slot type DGS, their performances were
comparatively studied. By fabricating the mentioned DGS the antenna was implemented at 5.9

GHz frequency, so that it could contribute to the reuse of the surplus unlicensed band of
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ubiquitous RF energy. Based on rigorous simulations and measurements, the results reported
in this research offer a thorough knowledge of the benefits and drawbacks of the suggested
designs. The results of this study may guide future advancements in wireless communication
systems, where small and effective antennas are essential, as we negotiate the complexities of

antenna design.

2. ANTENNA DESIGN AND PERFORMANCE ANALYSIS

The geometry of the proposed inset feed micro-strip patch antenna along with the detail
calculation for FR 4 substrate using general design equations [4], [12]. The design of the
antenna includes a few pairs of stages; in the primary stage, the micro-strip patch antenna is
designed for 50Q2 impedance, and the secondary stage of design follows the optimizations for
the width of the micro-strip feed (wr) and inset notch gap (g) to tune the antenna at the desired
resonant frequency. The defected ground structures (DGS) are etched on the ground surface for
proper matching of impedance. The parametric variables are adjusted using the simulation
software Ansys HFSS (High-Frequency Structure Simulator), which is based on the finite

element approach, to achieve the intended performance of the constructed antenna.

2.1 Conventional Inset Feed Antenna Calculation and Modeling

The schematic diagram of initially proposed conventional type inset-feed MPA that
resonates at 5.9 GHz frequency along with the detail dimensions is shown in Figure 1. The
proposed antenna is designed on a glass epoxy substrate (FR4) with a relative permittivity (I')

of 4.4, a loss tangent value of 0.02, and a thickness of 1.6 mm.
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24.260

(a) Front View Back View Side View

Figure 1: Schematic diagram of initially proposed conventional inset-feed MPA that

resonates at 5.9 GHz frequency

The antenna dimensions based on the operating frequency (f;) of interest were
computed using the approximated equations deducted by implementing the concept of

transmission model analysis [4], [7], [9], [12], [13].

The width of the patch (w) is given by

w = 6]
The length of the patch (L) is given by

c

Where, Leff =

Zfrw/ greff
_ -0.5
and Ereff=grz+1+grzl[1+% ; %>1
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and Ah_L =0.412 l(sreff+0-3)(%+0.264)l

(Erepr—0.258)(7+0.8)

Where, eretr, Loy and c are effective dielectric constant, effective length, and free space

velocity (3x10% m/s) respectively.

The width (w,) and length (Lg) of the ground plane were approximated using the concept as

stated in the equations (3) and (4) [6].
Ly, =L+ 6h 3)
Wy =w + 6h (4)
Where, symbols have the usual meaning as explained above.
2.2 Feed Calculation

The antenna, which typically has a 50 Q impedance to match a 50 Q micro-strip line,
is designed using micro strip line analysis. Because of this, the employed micro-strip line and
antenna have a great match. Therefore, computing the feed line and the inset feed dimensions
of the antenna is very important. So, feed length, feed width, inset depth, and notch gap are

computed using the equations (5) — (8) [6], [9], [12].
The feed length is given by

=% 5)

A

Where, 1, = \/s:
reff

The feed width is given by
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wp = h.m (6)
Where, A = _\/STZT Er+1 (O 23 + 011)
For zo =50 Q
An inset depth or length is given by
Yo = cos™! < —) (7

Where, antenna radiation impedance,

Zin = 90 (s - 1) [w]

The feed gap or notch gap is given by

c 4.65x10~12
9= 7= ®

Using the equations (1) - (8) various antenna parameters were calculated, which are
presented in the Table 1 as conventional values. Further the few parameters are optimized in

order to tune the antenna at desired frequency.

Table 1: The geometrical parameters of the proposed inset feed patch antenna (unit: mm)

Parameters Ly Wg L w l¢ Wi 10 g

Conventional values | 20.43 | 24.26 | 11.67 | 15.5 | 6.495 | 2.34 | 4.249 |0.085

Optimized values 24.66 | 24.66 | 11.67 | 155 | 6.495 | 3 4249 | 03
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Theoretically, antenna with full ground plane resonates at half-wavelength. The

resonating frequency (f,-) is computed using the formula in equation (9) [12].

c

fr= Ag\Ereff

©)

Here, A, is the guided wavelength at desired frequency.

To attain the impedance matching performance at the desired frequency (i.e., 5.9 GHz)
along with enhanced bandwidth, the conventionally computed antenna radiator was modified
for its inset notch gap and width of micro-strip line. The S-parameter plot of different antenna
configurations is shown in Figure 2, which shows the return loss (S11) adversely increased to
-30.2 dB from the conventional S11 magnitude of -16.59 dB after optimization. The slight
increment in the resonant frequency towards the desired frequency value is also noticed during
this time. Further, the initial metallic ground plane was modified by subtracting a dumbbell-
shaped DGS and a rectangular slot-shaped DGS from the central location of the ground plane.
More promising impedance-matched performances were obtained, resonate the antenna at 5.85
GHz corresponding to -36.16 dB of return loss within the impedance bandwidth range of
5.6768 GHz to 5.9798 GHz for the DGS DB configuration. Similar performances were noticed
for the DGS with a rectangular slot configuration. The simulated S-parameter values for the

different configurations of proposed antenna are comparatively plotted in Figure 2.
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Figure 2: The return loss (S11) plot of different antenna configurations

2.3 Etching DGS: Dumbbell and Rectangular Slot

The dumbbell-shaped DGS (DB) and rectangular slot type DGS were etched and
embedded at the center of the ground plane of the microwave circuit, as depicted in Figure 1.
Integrating DGS in the ground plane will interrupt the surface current distribution. Introducing
DGS modifies the properties like resistance, capacitance, and inductance of the ground plane;
hence, any defects etched on the ground surface alter the effective capacitance and inductance
of the ground by adding resistance, capacitance, and inductance [5], [14],[15]. It is easy to
fabricate and intends to reduce the size of the antenna with an easily realizable, compact

equivalent electrical circuit.

The applicability of the DGS unit is that the S-parameters obtained by simulation can
be realized in the one-pole Butterworth low-pass response. The effective series inductance rises
with increasing unit lattice etched area, and as the series inductance rises, the cutoff frequency

decreases. The attenuation pole position shifts up to a higher frequency as the effective
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capacitance decreases with increasing etched gap distance. Hence, the equivalent circuit
parameters are computed as the DGS and Butterworth low-pass filters' reactance levels are

equivalent at the cutoff frequency to match each other [16].

2.4 Performance analysis of DGS

2.4.1 Dumbbell effect

The length and width of the two rectangles of the dumbbell DGS unit cell and a
connecting slot are the major parameters that affect the performance of the antenna.
Improvements of bandwidth, reflection coefficient, along with proper matching of impedance
are the major advantages of DGS unit cells. Here, a dumbbell-shaped defected area with two
rectangles of size (a x b) = (0.5mm % 0.5mm) and a connecting gap of size (x X y) = (0.4mm x

2mm) is etched at the center of the backside metallic ground plane of the antenna.

The rectangular components of the dumbbell DGS increases the current path by
changing the micro-strip line's effective inductance and capacitance. The capacitive impact of
the dumbbell DGS is added by the two rectangular slots, and the addition of the inductance to
the overall impedance are made up of the thin rectangular defective slot that links the two
rectangular shaped flaws. Effective capacitance and effective inductance are inversely
correlated with the slotted area of the DGS. A decrease in cut-off frequency is produced by
increasing the slotted DGS area since it increases the effective inductance. The reduction in
DGS area lowers the effective capacitance, which raises the resonant frequency [14]. This
phenomenon can be clearly viewed from the S11 plot of the DGS effect for different values of

dumbbell rectangles as shown in Figure3.
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By altering the width (a) and length (b) of the two DGS in the ground plane, as well as
the width of the slot (x) connecting the two DGS, a parametric analysis was carried out to
determine the best values for the length and breadth of the DB DGS to tune at the lowest
possible reflection coefficient. This demonstrated how the DGS affected the antenna's

performance. Figure 3 displays the antenna's return loss for various values of a, b, and x.

-5
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-15 -

-20 -

11 (dB)

-25 -~

t — - -a=b=0.6 ,x=0.5
-30 l a=b=1,x=0.5
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-a=b=0.5,x=0.4

-35 -

-40 4 T L2 T L T .
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Frequency (GHz)

Figure 3: DB-shaped DGS effect analysis in S11 of antenna for different values of dumbbell

dimensions

The DB DGS performance was optimized at a=b=0.5mm and x=0.4mm, where it gives
a proper matching performance at a superior value of return loss (S11) of -36.16. It is visualized
that by reducing the area of rectangles in DGS, the resonating frequency was slightly shifted
towards a higher value along with the gradual decrement in the return loss, which indicates the
proper matching of impedance. Also, there is a slight increment in the operating bandwidth of

the antenna.

2.4.2 Slot Effect
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To analyze the effect of different structures, an optimized rectangular slot of size
(width a = 0.51 and length b = 3.02) was also etched. As explained by the DGS DB working
principle, a rectangular slot also holds a similar basic concept, so integrating slot-type DGS in
the ground plane will interrupt the surface current distribution. Introducing slot DGS modifies
the properties like resistance, capacitance, and inductance of the ground plane; hence, any
defects etched on the ground surface alter the effective capacitance and inductance of the
ground by adding resistance, capacitance, and inductance [5] [14,15]. It is easy to fabricate and
intends to reduce the size of the antenna with an easily realizable, compact equivalent electrical
circuit. An additional inductance is produced by the magnetic flux flow in the etched-out
aperture and ground-plain gap capacitance as a result of the insertion of the rectangular slot
defect on the ground plain. An etched flaw alters the surface impedance; this therefore

influences the shield current's distribution over the plain.

The current's phase velocity is changed by the variation in surface impedance. The
apparent effective permittivity varies as a result of the phase velocity shift. Because of the flaw
created on the ground plane, we can see that the surface current is distributed evenly, increasing

the fringing field [7], [15].

0 -
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-15 4
)
S 20+
= 4
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| a=0.6 & b=3.02
-40 T T
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Frequency (GHz)
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Figure 4: DGS affect analysis in the S11 of the antenna when varying the dimensions of the

rectangular slot.

As plotted in Figure 4 represents the effect of varying dimensions of Slot type DGS in
the return loss and perfect tuning of the antenna towards the desired frequency, It is visualized
that by increasing the length of the rectangular slot, the resonating frequency was slightly
shifted towards a higher value along with the gradual decrement in the return loss finally tuning
at -32.98 dB, at which the proper matching of impedance was obtained. Also, there is a huge
increment in the operating bandwidth of the antenna compared to similar types of patch antenna

reported in [7], [17].

3. RESULTS AND DISCUSSION

The rectangular micro-strip patch antenna was simulated and fabricated using FR4
glass epoxy material having a dielectric constant of 4.4 whose resonance frequency was set at
5.9 GHz, the Wi-Fi band. After that, a DGS in a dumbbell shape and a rectangular slot are
integrated into the ground plane, and the simulations are run using ANSYS HFSS, which gives
a solution for electromagnetic structures using the finite element method. Data analysis was
performed using Origin software. The inset feeds micro-strip patch antenna inbuilt with both
dumbbell DGS and slot DGS was fabricated, investigated, and characterized using the Vector
Network Analyzer (VNA). Then a comparative analysis was performed with the conventional

antenna.

3.1 Scattering Parameter
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The simulated and measured reflection coefficients (S11) of the inset feed patch
antenna etched with DB DGS and Slot DGS on the ground plane were plotted. A comparison
of the simulation and measurement results is seen in the plot in Figure 5, which indicates that
both types of proposed printed configurations indicate the same impedance bandwidth of 300
MHz with a good return loss value, which shows good agreement with the impedance
bandwidth seen in the simulation. Although a very small shift in the resonance frequency was
noticed beyond the desired frequency, the frequency of resonance was still within the
impedance bandwidth. Such faults in the prototype are created due to the imperfection in the
fabrication and soldering of the antenna. The printed prototype covers the matching band (i.e.,

S11 =-10 dB) ranging between 5.833 and 6.132 GHz.

4 ~._ -
-5 : &
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Figure 5: Comparisons of the simulated and measured return loss of the proposed antenna

and Image of the printed prototype

3.2 VSWR (Voltage Standing Wave Ratio) and Impedance

A positive real number signifies effective impedance matching between the feed line

and the antenna [18]. The VSWR (Simulated value of 1.03 and measured value of 1.05 for DB
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DGS) and impedance plot as depicted in Figure 6 for the proposed antenna indicate that both
are efficiently transmitting the radio frequency with perfect impedance matching, so the VSWR
and impedance plots of the antenna are analyzed together. Further, the impedance plot
significantly reflects there is a gradual improvement towards 50Q impedance matching from
the conventional design to optimized and then with DB-shaped DGS. Printed prototype etched
with DB-shaped DGS exhibits even accurate impedance matching tuning at the desired
frequency. VSWR is expressed in terms of the reflection coefficient (I'), which depends on the

load impedance (Z1) and the characteristic impedance (Zo).

200

Slot- Simulated
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v - T : y . 50 . . . .
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Frequency (GHz)

T v
6.0 6.5 7.0
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Figure 6: Comparative plot of VSWR and impedances obtained for simulated value and

measured value

3.3 Antenna Radiation Characteristics and Gain

The 2D and 3D radiation patterns of the designed antenna obtained at 5.9 GHz are
plotted in Figure 7. The antenna exhibited a unidirectional radiation pattern in the E-plane (¢

=0"), where a maximum power of 4.72 dB was transmitted. From the surface current image of
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the antenna in Figure 8, it was observed that the maximum current distribution concentrated
towards the edges of the patch through the surface. At higher frequencies, a skin effect occurs,
due to which current flows through the edges instead of the central region of the conductor. On
the ground plane, current distribution was observed surrounding the DGS with a similar wave

pattern, creating unipolar radiation.

Max: 4.72

I-10

-15

-20
I-25
-30
Min: -26.82

-150 150 . )
-180 R -

Figure 7: 2D and 3D radiation pattern of the proposed antenna (MPA etched with DB-shaped

DGS)

The radiation efficiency of the antenna was observed at 70% at 5.9 GHz. The measured
gain and the simulated gain at the corresponding resonance frequency are comparatively
plotted in Figure 9, which justifies a good match between the simulated value and the measured

value for the developed prototype of the proposed antenna.

VOLUME 8 ISSUE 9 2024 PAGE NO: 437



JOURNAL OF DYNAMICS AND CONTROL

Figure 8: Surface current of the antenna (etched with DB DGS) at 5.9 GHz
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Figure 9: Gain plot of the proposed antenna concerning the frequency and the beta

Table 2: Antenna performance parameters analysis of simulated antenna with various

configurations and printed prototype antenna etched with DB-shaped DGS.

ISSN: 1672-6553

Antenna Bandwidth Return Loss fr
VSWR | Gain (dB)
Configurations (MHz) (dB) (GHz2)
Conventional 257 -16.59 1.44 4.78 5.75
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Optimized (Opt.) 279.8 -30.2 1.06 4.69 5.82
Opt. + DGS: Slot 303 -32.98 1.04 4.73 5.84
Opt. + DGS: DB 303 -36.16 1.03 4.72 5.84
Printed DB
300 -33.16 1.05 4.68 5.94
(Measured)

Table 2 presents the comparisons among the various antenna parameters for the
different configurations of antenna like simulated data obtained from conventional (design
based on calculations), optimized (using Ansoft HFSS), optimized antenna etched with
rectangular slot and dumbbell (DB), and finally with the measured data of printed prototype
(Optimized and etched with DB DGS, as best performances are obtained for it in simulation).
The data presented in Table 2 declared that the printed prototype and the simulated proposed
antenna have a very good match in their performances, with excellent S11, bandwidth, VSWR,

and gain.

4. CONCLUSIONS

The antenna designed and fabricated in this research is an inset feed microstrip patch
antenna based on DGS for Wi-Fi band application. The common patch-type geometry was
implemented, utilizing the advantages of DGS to operate at 5.9 GHz. The slot type and DB
type of DGS were etched, and we compared the simulated and measured data of each with the

conventionally computed patch antenna. The performance of DB DGS tuning at a return loss
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of -36.16 dB was found to be the best in all performances, so it was fabricated and a detailed

analysis was further performed.

With a peak gain of 4.72 dB and a radiation efficiency of 70%, the designed antenna
attained a measured impedance bandwidth (i.e., SI11<10 dB) of 300 MHz ranging between
5.833 GHz and 6.132 GHz. The suggested antenna with a perfectly matching impedance is
suitable for Wi-Fi band communication at 5.9 GHz. The measurements of the prototype
declared good agreement with the simulated results and hence showcased the significantly

improved performance compared to similar patch antennas published earlier.
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