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This paper presents the design and numerical investigation of a compact
wideband microstrip-fed planar slot antenna for broadband wireless
communication applications. The antenna is designed on a low-cost FR-4
substrate with a compact planar configuration, making it suitable for space-
constrained and economical wireless devices. In the initial design stage, a
reference microstrip-fed antenna is developed and shown to operate from
3.25 to 11.6 GHz under the —10 dB impedance bandwidth criterion. The
antenna is then optimized through a systematic trial-and-error parametric
refinement process involving modifications of the radiator profile, feed-line
geometry, slot configuration, and partial defected ground structure. To
further enhance radiation performance, three compact rectangular parasitic
directors are arranged in front of the main radiating structure with optimized
spacing to improve forward radiation and gain. Full-wave electromagnetic
simulations are carried out using Ansys High Frequency Structure
Simulator (HFSS). The final optimized antenna achieves a continuous —10
dB impedance bandwidth from 2.7 to 12 GHz, covering the ultra-wideband
(UWB) spectrum as well as several sub-6 GHz fourth-generation/fifth-
generation (4G/5G) communication bands. The optimized antenna exhibits
simulated gains of approximately 5.53 dB, 6.97 dB, and 6.19 dB at 6.7 GHz,
8.7 GHz, and 10.7 GHz, respectively, showing an overall improvement
compared with the reference design. The radiation patterns remain
reasonably stable across the investigated lower, middle, and upper
frequency regions of the operating band, with quasi-omnidirectional
characteristics and improved forward radiation due to the director elements.
Compared with several reported wideband microstrip antenna designs, the
proposed antenna offers a favorable combination of wide impedance
bandwidth, compact structure, low-cost substrate realization, and enhanced
gain. Therefore, the proposed antenna is a promising candidate for modern
broadband wireless systems, including UWB and sub-6 GHz 4G/5G
applications.
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1. INTRODUCTION

The recent advancement in wireless communication infrastructure and the use of mobile devices has
generated a high demand of antennas that have the capability of operating over a wide frequency, high data
rate, low power, and small physical sizes [1]. Specifically, the band (frequency range) spanning between
roughly 2.7 and 12 GHz has become particularly significant because it includes the Ultra-Wideband (UWB)
spectrum along with several sub-6 GHz bands that are assigned to the 4th-generation (4G) and the Sth-
generation (5G) wireless communications [1]-[3]. The frequency bands are extensively used in contemporary
applications including high-speed mobile broadband, short-range wireless connectivity, sensing and emerging
Internet of Things (IoT) systems [4].

Sub-6 GHz frequency band has become an important element in today’s wireless network due to its good
propagating properties, which include moderate path loss, improved penetrating ability and reduced power
consumption in comparison with millimeter-wave frequencies [5]. As shown in Figure 1, this figure represents
the typical frequency distribution of 5G spectral regions, where the sub-6 GHz frequency band covers low
frequency under 6 GHz, whereas the millimeter wave covers a high frequency like 24 GHz and above. From
this example, one can see the benefit of the sub-6 GHz in achieving an ideal balance among coverage,
bandwidth capacity, energy efficiency, and costs of deployment. On the other hand, while there is more
bandwidth potential for the millimeter-wave bands, these bands generally require denser infrastructure due to
their large propagation loss. Besides, the UWB frequency band offers extremely wide bandwidth, which can
be useful for high-speed data transfer, high accuracy localization, and low latency communication.
Consequently, it is now important to have wideband antennas that cover both UWB and sub-6 GHz bands [6].

Recent innovations in mobile communication have led to an increase in the need for antennas with wide
impedance bandwidth, high gain, radiation stability, efficiency, and small physical size. As shown in Figure 2,
wireless communication technology has developed from generation one, which was mostly used for analog
telephone services, to generation four and five, which are used for mobile broadband, high data rate transfer,
massive connection capacity, and low latency communications. The development of these technologies has put
more demands on antenna design, especially in achieving wideband performance, impedance matching,
radiation stability, and easy integration into compact wireless devices [7][8].

Antennas form an integral part of determining the performance of wireless communications systems,
especially when considering the latest wireless systems like 4G, 5G, and future beyond 5G systems [9]. Today’s
wireless systems have been designed to be capable of working at different frequencies and also with appropriate
gain and radiation behavior in restricted areas of installation [10]. This calls for the necessity of having compact
and wideband antennas that can perform multiple communication tasks by utilizing a single antenna design,
thus making the communication process simple and economical [11][12].

Thus, designing a miniaturized antenna with wide bandwidth, along with impedance and radiation
consistency, has gained considerable significance as one of the research areas for current and future wireless
communication systems [13][14]. This is because such antennas are highly appropriate for today’s broadband
wireless systems, such as 5G sub-6 GHz, ultra-wideband communication, Internet of Things (IoT), and more
[15]-[19].

Considering the above necessities, microstrip planar antennas are one of the best candidates among
wireless antennas in wideband and below 6 GHz frequencies [20]. The reasons behind considering such types
of antennas include the simplicity in construction, ease of fabrication, low profile design, light weight, and
their compatibility with printed circuit boards [21][22]. All these factors play an essential role in their use in
current-day compact wireless devices like mobile phones, IoT nodes, portable sensors, etc., as they require
antennas that can be easily integrated into small places [23][24].

Moreover, there is great flexibility in designing planar microstrip antennas since it is easy to tune the
parameters such as impedance matching and radiation characteristics through changes in the radiators, feed
networks, slots, and the ground plane [25][26]. Planar microstrip antennas thus become appealing in
applications where wide bandwidths are needed, such as UWB, sub-6 GHz 5G radio communications, and
multi-purpose wireless communications. Thus, the microstrip antenna technology forms an ideal foundation
for wideband antenna design [27][28].

Although these features are present, traditional microstrip antennas have the innate disadvantage of being
limited by many factors, the most common being very limited impedance bandwidth [29] and low gain [30].
The latter disadvantages are mostly due to the losses of surface waves, low effective electrical length and the
high confinement of the electromagnetic fields in the dielectric material substrate [31]. Due to this, much
research has been conducted on how these drawbacks can be overcome by coming up with new design methods.
The most popular ones are Defected Ground Structures (DGS) [32], slot-based radiators [33], shape
optimization [34], parasitic elements or directors and periodic or serrated structures. These methods are
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effective to modify existing distribution, add new resonant modes and improve radiation efficiency, which will
result in better bandwidth and gain performance [35].

In this paper, a miniaturized wideband microstrip feed antenna design and its numerical analysis were
carried out for wireless communications applications. In the design, a combination of a partial DGS, radiator
shaping with an optimized configuration, sawtooth-edge technique, and rectangular parasitic directors was used
to achieve the desired antenna electromagnetic properties. The antenna optimization process began with a
reference antenna followed by a systematic parametric design study to optimize impedance matching and
bandwidth and improve the radiation performance. As a result, the antenna can operate continuously between
2.7 GHz to 12 GHz based on the —10 dB reflection coefficient (S;;). The proposed frequency coverage includes
not only the UWB band but also various 4G/5G sub-6 GHz wireless bands. Furthermore, rectangular director
parasitic elements help to improve the antenna gain and radiation performance at the investigated frequency
points. Thus, the proposed miniaturized antenna is a compact and cost-effective wideband antenna design with
improved impedance matching and radiation characteristics.

B8GHz 24GHz 100GHz
Large bandwidth opportunity

5G sub-6GHZ 56 mmWave

Figure 1. Sub-6 GHz and UWB frequency bands for 4G/5G wireless systems
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Figure 2. Evolution of mobile wireless communication technologies

2. LITERATURE SURVEY

Over the last several years, there has been much research that has been dedicated to the development of
compact wideband and UWB antennas to be used in modern wireless communication systems, specifically in
the sub-6 GHz 4G/5G frequency band and beyond. Fed planar slot and patch antennas is one of the most
popular antenna structures to be studied because they have low profile, are easy to fabricate and can be
integrated. Conventional designs are however known to have limited impedance bandwidth and comparatively
low gain that have driven the need to explore different methods of optimisation, including DGS, slot cuts,
directors, and parasitic elements to improve performance. The literature has already presented a number of
studies as some are enumerated below. Liton Chandra Paul ef al. (2022) described a plus-shaped patch antenna
with a slotted patch in it and a DGS to use in 5G sub-6 GHz and WiMAX. The authors modeled the antenna
using a Rogers RT5880 material and showed that the antenna has a wide impedance band between 2.67 and
5.23 GHz with a peak gain of about 4.65 dB which confirms that slot structures combined with DGS can be
effectively used in terms of bandwidth enhancement [36]. After this contribution, by the authors Dhawan
Singh et al. (2025) introduced a hexagonal-slotted wideband Coplanar Waveguide (CPW)-fed microstrip
antenna that is 5G network-optimized. The authors used various slot designs to drive various resonant modes
and had a simulated bandwidth of 3.7 to 8.5 GHz, hence validating that slot-based modifications are effective
in enhancing impedance bandwidth [37]. Mohamed Lemine El Issawi et al. (2024) examined wideband
microstrip patch antennas that have defected ground structures to utilize at sub-6 GHz. The authors pointed out
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that DGS is an important device in improving the impedance matching and bandwidth performance with special
importance to the effectiveness of the ground-plane modification methods in planar antenna designs [38].
Naser O. Parchin ef al. (2020) suggested a UWB microstrip-fed slot antenna that has a better bandwidth and
dual band-notched with the help of protruding parasitic strips on an FR-4 substrate. The authors showed that
added slots and parasitic elements were effectively integrated to provide a broad impedance bandwidth of 2.5
to 15 GHz with the two-banding suppression, which is the usefulness of parasitic structures in the widening of
impedance bands [39]. IU Din et al. (2023) developed and modelled a small UWB circular monopole antenna
using a gain enhancement frequency selective surface (FSS) in addition to a frequency selective surface (FSS).
The authors have noted significant gain enhancement at constant wide band of impedance, which indicates the
possibilities of external periodic structures in enhancing radiation properties [40]. TO Olawoye ef al. (2022)
introduced a high-gain wideband microstrip patch antenna to be used in sub-6 GHz 5G applications. The
authors showed that with optimized radiator geometry and ground-plane design wide bandwidth and dramatic
gain improvement can be attained, and the structural optimization of next-generation wireless antennas is
important [41]. Ajay Singh et al. (2024) designed a microstrip patch antenna fed with a microstrip line and
made in the form of a rectangle shaped slot that is DGS-based in 5G communication system. The authors
obtained tri-band operation with the highest gains of up to 11.37 dB at desired frequencies, which means that
slot structures in combination with DGS are effective in multi-band operation and gain enhancement [42]. MF
Ahmed (2025) has done a detailed review of methods of increasing gain and bandwidth in ultra-wideband patch
antennas made using microstrip. The author has examined different methods such as frequency selective
surfaces, defected ground designs, and parasitic elements, and has concluded that the methods can be applied
to offer effective solutions in bandwidth extension and gain enhancement in wideband antenna designs [43].
W. Sun (2021) suggested a gain stabilization and gain improvement methodology of wideband slot-coupled
microstrip antennas by using reflector-plus-sidewall structure. The author showed that the optimized design
had a broad band of impedance with a flatter and an increased gain response within the operating band [44].
Finally, Junho Yeo and Jong-Ig Lee (2023) have also shown gain improvement in microstrip patch array
antennas through the addition of metallic plates on the axis of the array. The authors indicated a significant
peak gain increase of up to 7 dB and demonstrated that further structural components can work well to regulate
the radiation properties and increase antenna gain [45].

Table 1 provides a comparative overview of the state of the representative research on the design of
wideband and gain-enhanced microstrip antenna designs, showing design methodologies used as well as the
performance in terms of impedance bandwidth and gain. The articles analysed show that, defected ground
structures, slot-based radiators, parasitic elements, frequency selective surfaces, reflector-assisted designs, etc.
can be effectively used to improve the performance of an antenna. Nonetheless, numerous designs that have
been reported are limited in frequency coverage, complexity, or use of multilayer and expensive substrate. The
presented observations explain why compact, low-cost, and wideband antenna solutions are required that can
offer stable radiation properties and enhanced gain over a large frequency band, which is why the proposed
antenna is developed.

Table 1. Summary of related works on wideband microstrip antenna designs.

Authors & Ref. Year Proposed Method Obtained Results
Liton Chandra Paul et 2022 Slotted plus-shaped microstrip patch antenna with ~ Bandwidth of 2.67-5.23 GHz with peak gain
al. [36] defected ground structure (DGS) ~4.65 dB
Dhawan[§ 171]gh et al. 2025 Hexagonal-slotted CPW-fed microstrip antenna Wide impedance bélﬁgldth from 3.7-8.5
Mohamed L. El . . . Improved impedance matching and enhanced
Issawi et al. [38] 2024 DGS-based wideband microstrip patch antenna bandwidth for sub-6 GHz
Naser O. Parchin et . . . e UWRB operation from 2.5—-15 GHz with dual
al. [39] 2020 Microstrip-fed slot antenna with parasitic strips band-notched characteristics
IU Din et al. [40] 2023 UWB monopole antenna with frequency selective Wide bandwidth with noticeable gain
surface (FSS) enhancement
T. O. Olawoye et al. 2022 Geometry-optimized high-gain microstrip antenna Wideband operation with significant gain
[41] with DGS improvement for sub-6 GHz
Ajay Singh et al. [42] 2024 Rectangular-slot DGS microstrip patch antenna Tri-band op erati(;n3v7v1(;l]13peak gain up to
Review of gain and bandwidth enhancement Identified effective methods including DGS,
M. F. Ahmed [43] 2025 techniques for UWB antennas FSS, and parasitic elements
W. Sun [44] 2021 Slot-coupled antenna with reflector and sidewall Wide bandwidth Wlth stabilized and
structure enhanced gain response
J-Yeo a[r:é]] <l Lee 2023 Patch array antenna with metallic plate directors Peak gain enhancement of up to 7 dB
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3. Proposed Methodology

The wideband microstrip-fed planar slot antenna is proposed and designed in a systematic manner through
the three-phase systematic approach to design, optimization, and performance improvement. The design is able
to achieve a slow-paced enhancement in the bandwidth of impedance and radiation, and a low-cost and compact
design is supported. The general development process is summarized in Figure 3 that depicts the key steps of
the implemented methodology.

The design of the major antenna structure is done in Phase 1. This step entails characterizing substrate
material, ground plane geometry, radiating slot geometry, and microstrip feed size. The basic resonance
behaviour is determined by initial simulations, and a basic design that satisfies the basic operation requirements
is obtained.

Phase 2 is concerned with antenna optimization by means of iterative parametric testing. Significant
geometrical parameters are desired to be varied systematically to enhance impedance matching and expand the
bandwidth. This is done by closely observing the reflection coefficient (Si1), current distribution, as well as
radiation patterns to make sure that the performance of the structure is improved without adding additional
complexity to the structure.

Finally, Phase 3 is the phase of performance improvement, and it is the one where structural change that
include the refinements of directors and shape are introduced. The additions enhance gain, directivity, and
radiation efficiency. To confirm the gains attained, the electromagnetic field analysis is involved.

Phase 1: Design of Primary Antenna ‘

Wi
Wi = T

Phase 3: Performance Enhancement (By adding N
Directors and Shape Modification) &

V4

Figure 3. Proposed Methodology phases

Ramy Abduimawjood Mohammed (A Compact Wideband Microstrip-Fed Planar Slot Antenna with Partial
Defected Ground Structure for 2.7-12 GHz Wireless Applications)



704 Buletin Ilmiah Sarjana Teknik Elektro ISSN: 2685-9572
Vol. 8, No. 3, June 2026, pp. 699-716

3.1. Phase 1: Primary Antenna Design

The design of the reference antenna in the initial stage is done using the basic transmission line approach
and microstrip antenna design concepts. The reference antenna is designed on the FR-4 substrate owing to its
low cost and easy availability. Starting values of radiating elements, microstrip line, and ground plane are
considered to get proper impedance matching at wide bandwidth.

The initial antenna acts as the template upon which the next phase of optimization will be conducted. The
simulation results reveal that the proposed antenna will function between 3.25 GHz and 11.6 GHz according
to the reflection coefficient criterion (S;; = —10dB). It implies that impedance matching has been
accomplished within this range of frequencies. Nonetheless, more tuning needs to be done in order to improve
the lower frequency of operation, bandwidth stability, and radiation capabilities. As such, this reference model
sets the foundation for the geometric optimization and gain optimization processes.

3.2. Phase 2: Antenna Optimization Using Trial-and-Error Approach

The second phase is aimed at optimizing the reference antenna to enhance the impedance matching and
bandwidth continuity. Full-wave electromagnetic simulations were used to run a systematic trial-and-error
parametric refinement process. The key adjusted parameters at this phase were the radiator profile, slot size
and slot position, the position of the feed-line, the length and width of the feed-line arm, the size of the partial
ground-plane, and the size of the defected ground structure.

The radiating element is gradually modified from the initially designed reference geometry into a tapered
and curved profile to increase the effective current path and excite additional resonant modes. The slot layout
and feed-line geometry were then tuned to enhance electromagnetic coupling and provide a smoother
impedance transition between the 50 Q input port and the radiating structure. In addition, the partial ground
plane and L-shaped defected ground structure were refined to control fringing fields and reduce impedance
mismatch.

The designs were tested on each iteration with respect to the simulated reflection coefficient (S11), the
distribution of currents on the surfaces, gain response, and the radiation pattern behavior. In this refinement,
various resonant modes were created and added together to form better impedance bandwidth and some better
foundation to the final gain-enhancement step.

3.3. Phase 3: Antenna Enhancement Using Directors and Performance Validation

At the last stage, three rectangular directors of a small size are placed in front of the radiating structure to
improve the radiation performance of the optimized antenna. Such parasitic components are added to guide the
radiated energy in a more efficient manner and enhance the overall gain of the antenna without raising the size
and the complexity of the antennas too much. The improved antenna design is next tested to confirm its
functionality in the aspects of impedance band, gain and radiation patterns. The final design has a continuous
-10 dB band of impedance of 2.7 to 12 GHz. Gain performance is investigated in three representative frequency
bands ensuring an observable increase in gain with values of about 5.53 to 6.97 dB, and still achieving good
impedance matching and constant radiation performance. The findings confirm the usefulness of the suggested
methodology to reach a small, wideband, and gain-enhanced antenna, which can be used in the context of the
current broadband wireless communication systems.

4. ANTENNA DESIGN AND OPTIMIZATION

This section of the paper describes the proposed antenna design procedure based on the analytical
transmission-line equations and the validations through full-wave electromagnetic simulations using Ansys
High Frequency Structure Simulator (HFSS).

4.1. Reference Patch Design

The antenna design cycle starts with the standard rectangular patch of microstrip, which is used as a
reference figure with which the initial radiator size is calculated. Though the end antenna design has moved to
a slot-based wideband design, the classical patch model offers a good analytical base and correct impedance
behaviour before bandwidth-enhancement variations.

The antenna is implemented on a low-cost FR-4 substrate with a relative permittivity &, = 4.4, loss
tangent tan § ~ 0.02, and thickness h. For a selected fundamental resonant frequency f;., the patch width W,is
calculated using transmission-line theory, which presented by means of the following Equation [46][47]:
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c 2
W,

T P 2

where c is referring to the speed of light in free space. The effective constant of the dielectric material &,
which determined for fringing fields at the patch edges, is given by mean of the following Equation [48]:

e+1 g -1 —1/2
Eotf = Tz + Tz <1+12£)

W, 2

Due to the fringing-field effect at the radiating edges, the effective resonant length becomes greater than
the physical patch length corresponding to the fundamental mode, and it can be expressed by the following
Equations [49]:

c

2f e (€)]

This extension in the length arises from fringing-field effects; consequently, the physical patch length is
appeared slightly shorter than the effective resonant length. In mathematical form, the length extension AL is
calculated as follows [30]:

Loy =

p
(geff + 03) ( R +0264)
AL = 0.412h

“)
(geff - 0258) (% +08)

Finally, the actual patch length L, of the antenna can be mathematically obtained by means of the
following Equation [50]:

Lp = Leff - ZAL (5)

The reference rectangular patch dimensions are calculated using the classical transmission-line model at
the design frequency f, = 7GHz. The patch width is determined to optimize radiation efficiency, while the
effective dielectric constant accounts for the fringing fields at the patch edges. The effective resonant length is
then calculated, and a length correction factor is applied to account for fringing effects, yielding the physical
patch length. These analytical expressions provide the initial dimensions of the radiating element, which are
summarized in Table 2.

Table 2. Design parameters and calculated dimensions of the proposed antenna

Category Parameter Symbol Value
Relative permittivit £ 44
Substrate Substratg thicknessy i: 1.6
Patch width W, 13.04
Effective permittivity Eeff 3.781
Reference radiator (top) Effective resonant length Less 11.02
Fringing length extension AL 0.718
Physical patch length L, 9.58
Rectangular section size Loy XW,  4x4
L-shaped DGS short arm length Ly, 4.66
Defected ground plane (bottom)  L-shaped DGS short arm width W, 0.8
L-shaped DGS long arm length Ly, 11.6
L-shaped DGS long arm width Wy, 1.9

4.2. Feed Line Design and Excitation Mechanism

The proposed antenna is excited using a microstrip transmission-line feed, selected for its planar
configuration, ease of fabrication, and compatibility with printed circuit board technology. The feed line is
designed to provide a characteristic impedance of 50 Q, ensuring proper matching with standard RF sources.
The characteristic impedance Z, of the microstrip feed line is determined using conventional microstrip
transmission-line equations, expressed as [31][32]:
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where Wy denotes the width of the microstrip feed line, his the substrate thickness, and €gis the effective
dielectric constant.

In order to attain wideband impedance matching, the feed line is designed in an adapted stepped and bent
design. This is an L-shaped microstrip strip, with a rectangular section of coupling that is incorporated into
such a rectangle, with the geometrical dimensions as described in Table 3. The L-shaped feed has long and
short arms which are of different width and length to create an effective impedance transforming network
between the radiating patch and the 50 Q. The rectangular shape is designed to maximise capacitive coupling
at the feed-radiator junction and the bent design maximises the effective electrical length of the feed path but
does not require any increase in the size of the antenna itself. It is an electromagnetically coupled, multiple
resonant-mode-excited, gradual-impedance-transitioning, modified version of the feed structure. Therefore, the

antenna shows a better impedance comparison and stable wideband performance in all the operating frequency
band.

Table 3. Dimensions of the stepped and bent microstrip feed line.

Feed Component Parameter Symbol Value (mm)
Rectangular coupling section (ground) I{;?iil ;/2 11 :88
L-shaped feed (short arm) I{;T(it}}: ]jg; ggg
L-shaped feed (long arm) I{::dgtil 5[;;[ 111.'9600

4.3. Optimization Through Parametric Refinement and Shape Modification

The proposed antenna is approached based on the initial analytical design in which the wideband
performance of the proposed antenna is acquired through a systematic trial and error optimization in Ansys
HFSS by repeatedly correcting and refining the original reference configuration. This type of optimization is
performed using a controlled change in the geometry of the radiator, the structure of the feed-line and the
configuration of the ground plane, with the results of the electromagnetic simulation.

As Figure 4 shows, the development of the antenna starts with an example of a conventional rectangular
patch radiator, which has been used as a reference geometry. Even though this is a predictable basic resonance
design, this design is necessarily limited in bandwidth. To overcome this drawback, the reference structure is
corrected in successive geometries by creating smooth, tapered, and curved edges of the radiator, creating a
geometry inspired by Vivaldi. Such changes are gradually initiated by trial and error to lengthen the effective
electrical length in order to allow a gradual impedance change.

Simultaneously, the feed-line configuration is refined, as shown in Figure 5, by adjusting the stepped and
bent microstrip geometry to improve coupling between the feed and the radiator. The dimensions and
orientation of the feed structure are iteratively tuned to correct impedance mismatch observed in the reference
design. In addition, the partial defected ground plane is modified by varying its truncation length and L-shaped
profile to enhance fringing fields and strengthen electromagnetic interaction with the top radiating element.

The designs are tested using the simulated reflection coefficient and surface current distribution. By
making a series of correction steps to the original reference design, resonant modes are created and successfully
combined to create a continuous wideband impedance response. Through this optimization process, there is a
huge enhancement in impedance bandwidth and radiation stability and the final antenna configuration is the
one shown in the above Figure 4 and Figure 5.

After the optimization of the shape the next step that is taken is to further change the antenna geometry
by converting the radiator to a butterfly (bow-tie)-like geometry, and adding sawtooth characteristics to the
radiate profile edges, as shown in Figure 6. The shape is influenced by the bow-tie shape increasing the
effective aperture of the radiator and enhancing higher field development towards the uncovered part of the
antenna which is good in the case of broadband radiation. Also, the sawtooth edge structure presents numerous
current discontinuities extending the current path on the surface as well as creating more resonant modes in the
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operating band. These geometric modifications combined are used to increase electromagnetic coupling
between the radiator and the defected ground plane, increase impedance matching and stabilize radiation
properties. Subsequently, the antenna attains a better bandwidth continuity and overall performance that allows
it to operate in wideband over a wide frequency.

A

u "

Figure 4. Proposed antenna inside HFSS simulation environment

3

Figure 5. Modified feed line structure for the proposed antenna

Figure 6. Butterfly-shaped antenna geometry

4.4. Gain Enhancement Using Director Elements

For the additional enhancement in terms of gain and directivity characteristics of the designed antenna,
the following three rectangular parasitic directors have been included on the radiating surface of the antenna
as illustrated in Figure 7. These directors are aligned successively in front of the main radiator to take the
advantage of interaction of electromagnetic fields to channelize the maximum amount of energy in forward
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direction. The directors are equally spaced from each other by 1.5 mm. This separation was determined using
parametric modeling so as to create a constructive interaction between the radiator and the directors, without
creating excessive mutual interaction that can affect the impedance characteristics. Furthermore, the separation
between the radiator and the first director is kept constant at 23 mm. This separation value ensures optimized
performance in terms of high directivity as well as wide impedance bandwidth. These director elements provide
a passive guidance structure which helps distribute the surface current and enhance the phase matching of the
radiated fields. Consequently, the antenna gains improved forward radiating capability, lower backward
radiation level, and better gain characteristics in the tested frequency band. In addition, the implementation of
three directors leads to enhanced radiation pattern stability at the chosen representative frequencies of 6.7 GHz,
8.7 GHz, and 10.7 GHz. It is hence evident that the application of these director elements provides a convenient
method for enhancing gain while maintaining the compact planar form factor of the proposed antenna.

Besides the parasitic directors, the substrate outline is also optimized more into a lens-like profile, to
enhance the gain enhancement mechanism further. The substrate is in the form of a lens, which enables
transformation of the wavefront to occur gradually and minimizes the effects of edge diffusion, enabling more
electromagnetic waves to travel to the area of the open aperture. This geometrical adjustment enhances the
collimation of the field as well as promotes uniformity of phase distribution throughout the radiating aperture,
which is advantageous, especially with wideband and high-gain operation.

The synergistic combination of the director elements and the modification of the lens-shaped substrate to
achieve a much higher gain and directivity of the radiated antenna, while preserving the broad spectrum of
impedance bandwidth and near-constant radiated characteristics. The result of this last optimization phase is a
high-performance antenna configuration that can be used in the case of the broadband wireless communication
application.

9
Y.

Figure 7. Proposed antenna with parasitic directors and lens-shaped substrate

5. OBTAINED RESULTS AND DISCUSSION

This section presents and discusses the simulated performance of the proposed antenna by analyzing the
Si1, gain response, and radiation characteristics of both the initial reference antenna and the final optimized
design. The comparison is intended to clarify the influence of the successive geometrical modifications on
impedance matching, bandwidth enhancement, and radiation performance. To evaluate the antenna behavior
across its wide operating band, three representative frequencies, namely 6.7 GHz, 8.7 GHz, and 10.7 GHz, are
selected to represent the lower, middle, and upper regions of the operating range, respectively. At these
frequencies, the gain and radiation patterns are investigated to identify the frequency points associated with the
reported gain values and to verify whether the antenna maintains reasonably stable radiation behavior across
the band. This analysis provides a more rigorous assessment of the effectiveness of the proposed optimization
and gain-enhancement techniques.

5.1. Return Loss Results for the Reference Antenna

The anticipated results of the simulated Si; confirm that the primary (reference) antenna design has good
wideband impedance characteristics. As illustrated in Figure 8, the antenna has an impedance bandwidth of
S11 < —10 dB between about 3.25 GHz and 11.6 GHz which translates to an absolute bandwidth of close to
8.35 GHz. This broad operating range allows some of the critical wireless communication bands to be covered
such as 4G LTE, sub-6 GHz 5G, and some of the upper microwave spectrum.

It is well seen within this frequency range that there are numerous resonant modes, with deepest
impedance minima at 8.7 GHz and 10.7 GHz, where the reflection coefficient is much less than -30 dB. Such
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resonant reactions are a good sign of effective electromagnetic interaction between the feed line, radiating
patch and the defected ground structure. The stimulation and combination of these resonant modes are
important in the realization of the broadband of impedance range as noted in the reference design.

Although the wideband behaviour is favourable, slight impedance difference can be observed around the
lower and upper band edges, and it can be assumed that the impedance stability and radiation efficiency can be
improved further. The following optimization is carried out on the antenna geometry based upon these
characteristics and it is in an attempt to increase the gain performance and ensure constant impedance across
the entire operating band. In general, the reference antenna defines a strong baseline design of the optimized
designs in the subsequent sections.

A major improvement in the performance of the antenna is provided after a long process of parametric
optimization and systematic modifications of the shape. There is an optimization process that entails various
trial-and-error variations of the radiator geometry, the feed-line layout and the ground-plane characteristics
resulting into enhanced impedance matching and bandwidth continuity. Due to these optimizations, the antenna
is characterized by a significantly broader -10 dB impedance bandwidth between 2.72 GHz and 12 GHz which
is a significant improvement over the primary reference design. This broad span of operations allows it to cover
a range of sub-6 GHz 4G and 5G frequencies efficiently and more broadband services at higher frequencies.
This has been made possible by the incorporation of parasitic directors, introduction of sawtooth edges into the
radiator boundaries, and transformation of the antenna front profile to lens-shaped, which has resulted in a
higher level of electromagnetic coupling and a smoother transition between the impedance. The net result of
these structural improvements is the excitement of many resonant modes which combine to create an overall
wideband response as evident in Figure 9 where it can be seen that the impedance matching is much better in
the entire operating frequency range.
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Figure 8. Return loss results for the reference antenna design
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Figure 9. Return loss of the bow-tie-inspired antenna with directors and lens-shaped modification
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5.2. Gain Result for the Reference Antenna

The proposed antenna has a wide frequency range and therefore a comparative study of the reference
antenna and optimized design is conducted at three frequencies points to clearly illustrate the effect of the
structural changes. These frequencies are chosen as 6.7 GHz, 8.7 GHz and 10.7 GHz (they are within the
effective operation band of the antenna and reflect its broadband behaviour). In the case of the reference
antenna, the peak gain of the simulated antenna at 6.7 GHz is about 4.75 dB, which means that the radiation
was acceptable in the lower part of the band. The gain at higher frequencies is better, at 8.7 GHz, the gain is
5.28 dB, indicating a higher radiation efficiency in the mid-band frequency band. The highest gain of the
reference antenna attains a value of about 5.98 dB at the higher frequency of 10.7 GHz indicating the consistent
gain operation within the entire operating range. All three of these radiation features are shown in Figure 10 to
Figure 12 which display the simulated gain distributions of the reference antenna at the chosen frequencies.
The measured outcomes show that the reference design has a stable and good gain behaviour in a large band
and forms a strong base when considering the improvements made in the optimization of the antenna design.
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Figure 10. Gain results for the reference antenna at f, = 6.7 GHz

dB(GainTotal)

5. Z867e+0B0
. 4, 2335e+008
3. 1883 +008
2,127 2e+A08
1. @7 4AE+ARA
2, EB821e-EE2
-1.@324%e+0E0
-Z.AE55e+0EA
-3, 1367 +00@
=4, 1919 +20a
=5, 2458 +AAA
-B6. 2982 +AAA

7. 3514%e+0E0
-8, Ya4Ge+aEa
-9, 4577 +00a
-1.8511e+2@1L
-1, 1564&+AA1

Figure 11. Gain results for the reference antenna at f, = 8.7 GHz
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Figure 12. Gain results for the reference antenna at f,, = 10.7 GHz

In the optimized and final antenna design, including a bow-tie inspired radiator, a parasitic director and a
lens shaped modification to the substrate, a marked increase in the gain performance is obtained at the chosen
comparison frequencies. The optimum gain of the optimized antenna at 6.7 GHz is about 5.53 dB, which is a
measure of the high radiation efficiency at the lower part of the operating range. The gain further rises to
approximately 6.97 dB at 8.7 GHz which demonstrates the high contribution of the director elements and
enhanced collimation of the wavefront by the lensed change of shape. The antenna behaviour at higher
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frequencies ensures that the gain of the antenna remains high with a value of around 6.19 dB with stable
radiation behaviour in the upper part of the wide operating band. All these improvements can be easily detected
in the gain radiation patterns of the three-dimensional patterns given in Figure 13 to Figure 15 which have a
more focused front radiation and a lower back-lobe than those of the reference antenna.

Finally, the results that have been obtained indicate the significant improvement in gain at the chosen
frequencies, which proves the design of the final optimized antenna to be much better than the reference design.
Although the optimized antenna has a smaller and smoother geometry, it has a better gain performance,
suggesting that the shape optimization implemented, integration of the directors and lens-shaped modification
can be used to enhance the characteristics of radiations without increasing the size of the antenna. This
performance enhancement shows that the proposed design solution is an effective solution to compact,
wideband, and gain enhanced antenna applications.
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Figure 13. Bow-tie-inspired antenna with directors and lens-shaped modification gain at f, = 6.7 GHz
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Figure 14. Bow-tie-inspired antenna with directors and lens-shaped modification gain at f,, = 8.7 GHz
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Figure 15. Bow-tie-inspired antenna with directors and lens-shaped modification gain at f,, = 10.7 GHz

6. PERFORMANCE COMPARISON

The received results indicate significant improvement of the performance of the entire antenna, which
proves the usefulness of the given optimization plan. The final antenna has a clear improvement in the
impedance bandwidth and the gain characteristics as compared to the reference design. Specifically, the
optimized antenna has a much broader -10 dB impedance bandwidth of 2.72 GHz to 12 GHz which is a
significant increase over the bandwidth of the reference antenna. The high operating range allows the antenna
to utilize many wireless communication bands with a constant impedance that is matched. Besides the
enhancement of the bandwidth, the optimized antenna also has higher gain values at the target representative
frequencies of 6.7 GHz, 8.7 GHz and 10.7 GHz, and with gain enhancement being consistent at the lower,
middle and upper part of the operating band. These enhancements in performance have been explained by the
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composition of bow-tie-inspired radiator geometry, sawtooth edge modification, parasitic director integration,
and lens-shaped substrate profile, which each contribute to better performances in terms of electromagnetic
coupling, effective radiating aperture, and better collimation of the wavefronts. The comparison of the
impedance bandwidth and gain performance of the reference and optimized antenna designs is summarized in
Table 4, which clearly shows that the final antenna design is much better than the reference design in providing
wideband and gain-enhanced operation in a small structural footprint.

Table 4. Comparison of Si: bandwidth and gain performance for reference and optimized antennas.

Parameter Reference Antenna Optimized Antenna
—10 dB Impedance Bandwidth 3.25-11.6 GHz 2.7-12 GHz
Gain at 6.7 GHz 475 dB 5.53dB
Gain at 8.7 GHz 5.28 dB 6.97 dB
Gain at 10.7 GHz 5.98 dB 6.19 dB
Size Acceptable Compact with better performance

The gains obtained by the reference antenna and the optimally designed bowtie-inspired antenna are
depicted in Figure 16 for three selected frequencies, which are 6.7 GHz, 8.7 GHz, and 10.7 GHz. The selection
of these particular frequencies was done in order to investigate the gain performance of both antennas in the
lower, middle, and upper frequency bands of operation. As can be observed, higher gain performance is
obtained by the optimally designed antenna at each of the considered frequencies.

The gain of the optimized antenna increases to 5.53 dB from 4.75 dB for the reference antenna at 6.7
GHz, reflecting better radiation characteristics of the optimized antenna at the bottom end of the frequency
range. The biggest increment in gain is experienced at 8.7 GHz, from 5.28 dB to 6.97 dB. Such an increase in
gain is caused by the contribution of several factors, such as the bow-tie-shaped structure of the radiator, the
presence of the saw-tooth edge, parasitic directors, and the shape of the substrate. These features contribute to
a larger aperture for radiation, as well as to forward radiation in particular. Finally, at 10.7 GHz, the gain
remains slightly higher at 6.19 dB compared with 5.98 dB for the reference antenna.

In general, it can be observed that there is always an increase in the gain at the chosen representative
frequencies while ensuring broadband performance. These findings clearly prove that the use of the adopted
optimization technique has positively affected the performance of the antenna, without reducing its impedance
bandwidth.
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Figure 16. Gain results comparison for the designed antennas

Figure 17 presents a consolidated comparison of the reference and optimized antenna designs by jointly
illustrating the impedance bandwidth and gain behaviour at representative operating frequencies. The
comparison demonstrates that the optimized antenna achieves an improved performance balance by
simultaneously extending the usable bandwidth and enhancing radiation characteristics. A consistent gain
improvement is observed across the selected frequencies of 6.7 GHz, 8.7 GHz, and 10.7 GHz, indicating that
the applied design modifications are effective over the entire operational range rather than being limited to
isolated resonant points. These improvements can be attributed to the redistribution of surface currents and the
enhanced directional radiation introduced by the bow-tie—inspired geometry, parasitic directors, and lens-
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shaped substrate profile. Moreover, the comparison confirms that the optimized antenna maintains stable
impedance behaviour while providing higher gain within a compact planar structure, thereby demonstrating its
suitability for broadband and multi-band wireless communication applications.

Bandwidth and Gain Comparison
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Figure 17. Performance comparison for the designed antennas

7. CONCLUSION

The paper has focused on the design and optimization with the performance analysis of compact planar
antenna operating in wideband with a bow-tie type of radiator structure using parasitic bow-tie directors and a
modification of the lens shape on the substrate. The antenna design procedure started with a standard
rectangular patch design which became a reference design and was gradually enhanced by systematically
changing the shape and systematically changing the parameters to defeat the fundamental bandwidth and gain
drawbacks of conventional microstrip antennas. It was realized through geometric adjustments, such as tapered
and sawtooth edge shaping, optimization of the defected ground, and optimization of the feed-line, that the
antenna was optimized to have wideband matching impedance. The eventual optimized design had the
capability to operate in a continuous -10 dB impedance bandwidth of 2.72 GHz to 12 GHz which was much
higher than the reference antenna which had a bandwidth of 3.25 GHz to 11.6 GHz. Such operating range also
allows covering a variety of sub-6 GHz 4G and 5G frequency bands and 5G higher-frequency broadband
wireless spectrums. Besides bandwidth enhancement, a significant gain performance was also obtained through
the addition of three parasitic directors and change of substrate profile to a lens-shaped profile. The optimized
antenna had other higher values in gain in all the set representative frequencies and in this case the gain stood
at about 5.53 dB at 6.7 GHz, 6.97 dB at 8.7 GHz and 6.19 dB at 10.7 GHz, all others having lower gain values
as compared to the reference design. The effectiveness of the proposed gain-enhancement techniques is
supported by the better radiation properties, such as, as increased forward radiation, and lower levels of back-
lobe. The optimized antenna is in general better performing than the reference design yet has a small and planar
structure that is easy to fabricate. The overall benefits of a broad bandwidth, increased gain, constant radiation
behaviour, and low-cost substrate realization make the presented antenna a serious contender in being
integrated into current broadband wireless communication systems, including but not limited to 4G, sub-6 GHz
5G and ultra-wideband applications. Finally, as compared with previously reported designs in the literature,
the proposed antenna achieves a broad operating bandwidth of 2.7-12 GHz while maintaining a simple planar
structure, a low-cost FR-4 substrate implementation, and improved gain performance, without requiring
multilayer structures, external frequency-selective surfaces, or complex fabrication techniques.
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