TELKOMNIKA Telecommunication Computing Electronics and Control
Vol. 22, No. 3, June 2024, pp. 556~566
ISSN: 1693-6930, DOI: 10.12928/ TELKOMNIKA.v22i3.25852 a 556

A circular compact ultra-wideband antenna for 5G microwave

applications

Swati Varun Yadav?!, Manish Varun Yadav?, Tanweer Ali?, Sounik Kiran Kumar Dash*, Navya

Thirumaleshwar Hegde?, Vishnu G. Nair?

!Department of Instrumentation and Control Engineering, Manipal Institute of Technology, Manipal Academy of Higher Education,

Manipal 576104, India

2Department of eronautical and Automobile Engineering, Manipal Institute of Technology, Manipal Academy of Higher Education,

Manipal 576104, India

3Department of Electronics and Communication Engineering, Manipal Institute of Technology, Manipal Academy of Higher Education,

Manipal 576104, India

“Department of Electronics and Communication Engineering, SRM Institute of Science and Technology, Kattankulathur, Tamil Nadu,

603203, India

Article Info

ABSTRACT

Article history:

Received Nov 9, 2023
Revised Feb 27, 2024
Accepted Mar 10, 2024

Keywords:

5G

Current distribution
Gain

Slots
Ultra-wideband

This article introduces an innovative circular and compact ultra-wideband
(UWB) radiator designed specifically for 5G microwave applications. This
antenna incorporates a “TU”-shaped ground plane on its reverse side, with
strip lines feeding the circular element on the front side. Notably, the antenna
exhibits impressive characteristics, including an outstanding impedance
bandwidth of 107%, and an impressive return loss of -32 dB. Its operational
frequency range spans from 2.4 GHz to 11 GHz, centered at 6.7 GHz.
Extensive simulations were conducted using CST microwave studio software
to validate its performance. The antenna’s physical dimensions are defined by
asize 0f 0.12 A x 0.08 1 x 0.012 A relative to its wavelength. Furthermore, this
antenna demonstrates exceptional stability in its polar patterns and maintains
a high-efficiency level, achieving a substantial gain of 3.75 dBi with an
efficiency rating of 84.5%. These remarkable attributes make this antenna
suitable for a wide range of applications, including Wi-Fi, 5G, WLAN, and

various other microwave communication scenarios.
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1. INTRODUCTION

The high-frequency ultra-wideband (UWB) band radiator is a cutting-edge solution for multiple
communication applications. This advanced antenna operates in the UWB band, which encompasses a
high-frequency range, enabling seamless communication across various wireless technologies. The UWB band
radiator boasts exceptional performance, offering superior data transfer rates, reduced latency, and enhanced
capacity. With its innovative design and precise engineering, this radiator supports multiple communication
protocols, making it ideal for next-generation wireless systems. Experience the power of high-frequency
communication with the high-frequency UWB band radiator, an indispensable choice for diverse communication
needs, from 5G and beyond. Embrace the future of wireless connectivity with this state-of-the-art radiator.
Wireless communication extensively employs a compact size of antennas, each distinguished by its unique
shapes and attributes. These antennas encompass a variety of designs such as semi-circular, L-shaped,
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triangular, multi-slot, and U-shaped, among others, as documented in various sources [1]-[7]. To enhance the
capabilities of these antennas, researchers have explored numerous techniques aimed at boosting their
performance.

One notable strategy involves manipulating the antenna’s ground plane by in-corporating parasitic
elements. This additional integration of elements has proven to significantly enhance antenna performance.
Another avenue of exploration involves integrating small fractal components, which contribute to the overall
improvement of antenna attributes. Circular and U-shaped slots have also been integrated into designs,
affecting parameters like bandwidth and radiation patterns. The alteration of the circular patch’s shape has been
recognized as a means to achieve specific polar radiation patterns of interest [8]-[15]. Past research efforts have
significantly advanced the capabilities of aerospace communication systems by extending their operational
range. These advancements were made possible through innovative adaptations to antenna designs. For
example, a pivotal breakthrough emerged when adjustments were introduced to a patch antenna known for its
defective backside and incorporation of semi-circular slots [16]-[18]. Through careful modifications to these
specific aspects of the antenna’s structure, researchers successfully achieved a broadened bandwidth that aligns
with the demands of aerospace communication. Furthermore, manipulating the antenna’s backside by
introducing modified slots has yielded intriguing results. This approach led to creation a patch element
intentionally designed with a compromised plane, an unexpected characteristic that, counterintuitively,
enhances the antenna’s performance in certain contexts [19], [20]. These findings underscore the intricate
nature of antenna design, where unconventional alterations can lead to unforeseen advantages. Beyond these
pivotal discoveries, studies have delved into alternative alternatives to antenna designs aimed at enhancing
performance. One notable exploration avenue involves using a flexible antenna alongside a radiator shaped in
a “dumbbell” configuration [21], [22]. This innovative design highlights the diversity of creative solutions and
underscores how unconventional geometries can contribute to desired outcomes in aerospace communication.
Another proposed enhancement revolves around a long strip patch antenna strategically integrating rear-cut
slots [23]. This design adaptation was conceived to optimize the flow of current within the antenna, ultimately
resulting in improved performance characteristics. Such inventive design adjustments exemplify the iterative
and forward-looking nature inherent to antenna engineering.

Ensuring balanced radiation patterns holds immense significance within the realm of antenna design.
The achievement of equilibrium in radiation patterns guarantees uniform emission of signals across various
directions, a fundamental prerequisite for effective communication. A noteworthy approach proposed to
confront this challenge revolves around a deliberate adjustment to the antenna’s rear side. This involves the
strategic introduction of meticulously trimmed circular holes [24], [25]. This meticulous modification aims to
exert control over signal propagation dynamics, culminating in a more consistent radiation pattern and elevated
antenna performance.

Addressing the challenge of impedance matching, which is crucial for efficient power transfer
between the antenna and transmission line, has led to integrating multi-slots within the antenna’s structure [26].
Similarly, adopting the L-shaped design has proven instrumental in alleviating band resonance issues, thereby
enhancing the antenna’s proficiency within a desired frequency spectrum [27]. To expand the operational
bandwidth, certain studies have explored the truncation of the antenna’s ground plane [28]. This technique
brings about alterations in signal propagation characteristics, empowering the antenna to cover a broader range
of frequencies. In addition, researchers have directed their focus toward modifying the primary patch of the
antenna to achieve heightened gain [29]. This adjustment entails reshaping the core element to optimize signal
concentration and radiation efficiency, significantly contributing to overall performance enhancements.

2. GEOMETRY AND DESIGN STRUCTURE

Figures 1(a)—(e) illustrates the antenna’s geometry and design concept. The physical dimensions of
the exhibited antenna structure measure 11 mm in width, 15 mm in length, and 1.6 mm in thickness. This
antenna design is implemented on an FR4 substrate and consists of annealed copper. The key dimensions of
the antenna include “S2” for width and “S1” for length, as depicted in Figure 2. The substrate thickness,
denoted as “H1,” is associated with a microstrip line characterized by a length “S4” and width “S5.” The patch
design follows a straightforward circular configuration with a diameter “S3”. Notably, the ground plane
incorporates two symmetrical circular rings with a “R6” diameter, which contribute to improved performance
at higher frequencies. Additionally, a “T”-shaped element is integrated vertically with dimensions “R10” for
length and “R2” for width. Furthermore, the “U” section and horizontal segment are divided into three parts:
flange, width, and length, with two symmetrical side rectangles. The flange is a rectangle with “R1” width and
“R4” length within the antenna’s backplane. To enhance performance, slots are introduced in the backplane
structure. As designed, the antenna’s ideal dimensions are 15mm in width, 11mm in length, and 1.6 mm in
thickness. These structures are carved out of an FR4 substrate with a loss tangent and dielectric constant of 4.3.
The top layer of the FR4 substrate is composed of annealed copper with a conductivity of 5.8x10” S/m. The
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design evolution of the proposed antenna is visually depicted in Figure 3, illustrating the gradual development
of a circular, compact UWB radiator for 5G microwave applications.

Simulation using CST Antenna Fabrication Fabricated Antenna

—O— (Measured S, )
—— (Simulated S, )

Vector Network

Measurement Using VNA 2 3 4 56 7 8 9 10 11
Frequency (GHz)

Results and Discussion

(d) (e)

Figure 1. Graphical abstract for proposed approach: (a) simulated antenna using CST, (b) shows the
fabrication unit available in the antenna laboratory, (c) fabricated antenna design, (d) testing and
measurement, and (e) comparison of simulated and measured results
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Figure 2. Geometry and conceptual design of an antenna

TELKOMNIKA Telecommun Comput EI Control, Vol. 22, No. 3, June 2024: 556-566



TELKOMNIKA Telecommun Comput EI Control a 559

This progression is divided into four distinct phases: in step 1, the process commences by creating a
basic circular patch with a full ground plane radiator. Step 2 enhances the design by introducing a half cut into
rear side with two circular and one rectangular strip in the middle. Step 3 involves the etching of rectangular
slot and lower down the ground plane. Step 4 marks the culmination of the antenna’s construction by
incorporating rectangular strip at the top of the ground plane, resulting in the finished product. Figure 3
provides an informative visualization of the antenna’s evolution by displaying the proposed radiator’s
reflection coefficient (S11 magnitude). This figure provides an insightful overview of the antenna design’s
progression through various developmental stages.
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<

(Step-04) (Step-03)

Figure 3. Evolution of the antenna

Step 01’s initial configuration is characterized by a simple circular patch positioned above a stable
ground plane, connected via a 3 mm x 7 mm microstrip line. The circular element has a diameter of 7.2 mm,
and this setup results in a single-band resonance spanning from 3.8 to 9.5 GHz, as prominently depicted in
Figure 4 moving forward to step 02, a significant transformation occurs on the antenna’s rear side. Step 2
introduces a half-cut with two circular and one rectangular strip in the middle. This alteration leads to the
emergence of dual-band resonances, covering frequencies from 3.4 to 5 GHz and 6 to 8.6 GHz, as clearly
illustrated in Figure 4 step 3 involves further enhancements, including etching a rectangular slot and
adjustments to the ground plane. These refinements improve impedance matching across lower-order and
higher bands, effectively extending the antenna’s frequency range from 3.2 to 8.5 GHz, as evidenced in Figure 4
in the final step, step 04, the antenna’s construction is completed by incorporating a rectangular strip at the top
of the ground plane. This last modification plays a crucial role in shifting the antenna’s frequency range to a
broader span, covering frequencies from 2.4 to 11 GHz, thereby concluding the comprehensive design process.
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Figure 4. All stages Si; parameter

3. SIMULATED PARAMETER STUDY

In Figure 5, we delve into a comprehensive analysis of the frequency versus magnitude relationship
of the return loss parameter, Si1, while manipulating the parameter “S3”. The figure portrays a fascinating
exploration of various frequency bands behavior as “S3” undergoes alterations. Specifically, we observe
notable variations within the 2.4 to 8 GHz frequency range as “S3” is modified. This indicates that by adjusting
“S3” we can influence and fine-tune the antenna’s performance across different frequency bands.
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Figure 5. Simulated parameter sweep “Rc”

Furthermore, as we increase the value of “k” we notice even more pronounced variations, showcasing
the sensitivity of the antenna’s behavior to this parameter. Similarly, when we enhance “S3” we achieve better
performance in terms of frequency response. This insight highlights the importance of these parameter
adjustments in optimizing the antenna’s characteristics.

Another critical parameter we scrutinized was the diameter of the circular element on the antenna’s
backside, referred to as “S5”. Our investigation encompassed a range of sizes, from 2.5 mm to 3.5 mm, and it
became evident that a diameter of 3 mm yielded the most favorable outcomes. This specific size was
instrumental in achieving a balance between lower and higher-order resonances, a crucial aspect in antenna
design. Moreover, it consistently maintained the magnitude of Si1, a key indicator of antenna performance,
below -10 dB across a wide frequency spectrum spanning from 2.4 to 11 GHz. Figure 6 effectively visualizes
how this adjustment in “S5” positively influenced the antenna’s performance, underscoring its significance in
attaining a versatile and high-performing antenna design.
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Figure 6. Simulated parameter sweep “Ry”

4, MEASUREMENT AND SIMULATED RESULTS

In Figure 7, shows a visual representation of the relationship between frequency and input impedance,
offering valuable insights into the antenna’s electrical characteristics. The graph shows that the behavior is
primarily inductive within the 2—2.8 GHz frequency range, as indicated by a positive polarity in the curve. This
suggests that at these frequencies, the antenna exhibits characteristics associated with inductance, where the
impedance tends to resist changes in current. However, as the frequency increases beyond this range, there is
a transition to a capacitive behavior, marked by a negative polarity in the curve. In this capacitive regime, the
antenna’s impedance begins to favor the storage and release of electrical energy. 1t”’s important to note that the
impedance values are normalized to 50 Q, providing a standardized reference point for evaluating the antenna’s
performance across this frequency spectrum.
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Figure 7. I/P impedance curve

Comprehensive measurements were conducted in an anechoic chamber to evaluate the proposed
fabricated antenna’s performance. The anechoic chamber provides an isolated and controlled testing
environment, minimizing external reflections and interference. A vector network analyzer (VNA) was
employed to measure key parameters, such as return loss, radiation patterns, and impedance characteristics.
During the measurement process, the antenna was precisely positioned and oriented as per the experimental
setup. Various measurements were performed with the antenna placed at different angles and orientations to
capture its radiation patterns and evaluate its directional characteristics.

The proposed structure has undergone a comprehensive analysis to optimize its impact on the Si1
parameter and other simulated outcomes. The measurement results were compared with theoretical simulations
to validate the antenna’s design and verify its performance, as illustrated in Figure 8. Deviations or
discrepancies between the measurements and simulations were carefully analyzed to identify potential factors
influencing the antenna’s behavior. The proposed radiator demonstrates a wide impedance bandwidth,
indicating its ability to operate effectively across a range of frequencies. The bandwidth is calculated as 107%,
covering the frequency range from 2.4 GHz to 14 GHz. This broad impedance bandwidth is crucial for
accommodating multiple communication bands and ensuring efficient signal transmission. A comparison
between the simulated and measured return loss validates the accuracy of the simulation model, with close
agreement observed. Minor discrepancies can be attributed to fabrication tolerances and measurement
uncertainties. Nonetheless, the antenna demonstrates excellent impedance matching and performs admirably
within the desired frequency band.

——(Measured S )
-5 3 L —'*— (Simulated S, )
A0l sk
_ 1Y, [P e
o Wl o2 "
% 154 9 §¥" {
- ¥ ‘_ b |
= -20 \!/ Y
o o V ¥\
-25 i \
=304}

2 3 45 6 7 8 9 10 11
Frequency (GHz)

Figure 8. Return loss curve

Figure 9 is an illuminating visual representation, effectively showcasing the co-polarization and
co-polarization patterns across distinct frequencies, specifically 6 GHz and 9 GHz. This depiction of the
radiation pattern unfolds within the context of two orthogonal planes, affording a comprehensive insight into
the antenna’s behavior. More precisely, the “E” Plane occupies a position of 90° within the YoZ plane, while
the “H” plane assumes a placement of 0° within the XoZ plane. The most salient characteristic evident within
these radiation patterns is their notable stability and uniformity. This quality stands as a testament to the
antenna’s pronounced efficiency. By offering the visualization of radiation patterns within both orthogonal
planes, a lucid understanding of the antenna’s directional attributes at the specified frequencies is readily
facilitated. The inclusion of both measured and simulated radiation patterns for the H- planes and E-planes in
the illustration further enriches this comprehension. The unchanging nature of the radiation pattern across these
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planes is of particular significance. This consistent behavior serves as a compelling indicator of the antenna’s
well-behaved and harmonious performance. This unwavering nature essentially underscores that the antenna
upholds a coherent functionality, thereby reinforcing its dependability and effectiveness in terms of both signal
propagation and directional orientation.
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Figure 9. Co-polarization and cross-polarization radiation patterns

To visualize the antenna surface currents, we employed advanced electromagnetic simulation
techniques. These simulations provide a detailed depiction of the current flow on the antenna’s conducting
surfaces, allowing us to analyze their spatial distribution and intensity. Figure 10 showcases the simulated
surface current distribution on the antenna. The colour contours represent the magnitude of the currents, with
different colours indicating varying levels of current intensity. This visualization helps us identify areas of high
current concentration and observe how the currents interact with different antenna elements. Studying the
surface currents in the front and back view of the suggested antenna at 3 GHz frequency. Understanding the
distribution and magnitude of surface currents aids in optimizing the antenna design and identifying any
potential issues that could affect its performance.
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Figure 10. The current field distribution
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In Figure 11, we observe the simulated radiation lobe pattern of the 5G antenna, with a specific focus
on the 2D-vector surface current’s frequency distribution at 3 GHz. This depiction encompasses both the front
plane and back plane of the antenna structure. What’s particularly noteworthy is the concept that by substituting
the antenna with equivalent surface currents, the resulting radiated field closely mirrors the original antenna’s
surface current distribution. This intriguing phenomenon suggests that the surface current plays a pivotal role
in facilitating radiation detection, even without the primary current source, emphasizing its significance in
understanding and characterizing the antenna’s radiation behaviour.
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Figure 11. Simulated radiation lobe pattern

In Figure 12, we are presented with a revealing depiction of the antenna efficiency and gain simulation
curve, offering valuable insights into the antenna’s behavior across different frequencies. A conspicuous trend
is the continuous increase in gain as the frequency rises. This signifies that the antenna becomes increasingly
proficient at amplifying signals as we move toward higher frequencies. At the peak of this gain curve, which
stands at an impressive 3.75 dB, we find the antenna’s optimal performance occurring precisely at 7.2 GHz.
At its zenith, the antenna radiation efficiency reaches an impressive value of 0.845, equivalent to an efficiency
rate of 84.5%. This marks the frequency point of 5.5 GHz as the one where the antenna excels in radiating a
substantial portion of the received signals, making it highly effective for communication purposes. Table 1
demonstrates a contrast between antennas that have been previously documented. After evaluating multiple
parameters, it has been established through our analysis that the design we propose is smaller in dimensions
and displays enhanced characteristics compared to the antennas previously documented.
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Figure 12. Simulated and measured gain and efficiency curve
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Table 1. Comparison of published planar antennas
References  Band obtained (GHz)  Peak gain (dBi)  Fractional B/W (%) Peak (1) (%) Overall volume (in 1)
1.7

[2] 3.1-22 150 NA .28 1 .25 %.016 4
[2] 3.1-11 51 110 89 204 %251 %.015 4
[6] 3.9-14 3.5 142 75 .26 A .26 1 x.019 4
[8] 2-9 45 127 62 334 %227 %0.1 4
[12] 3.5-19 3.2 145 81 231 %x.231%.015 4
[15] 3.1-11 2 109 60 551 x.41 1 x.022 A
[17] 2.9-16 5.2 139 87 331 %247 %.014 4
[21] 2.8-12 2.79 122 72 184 %147 %151
[24] 2.7-13 2.3 108 78.3 32A%x21x%x.0141
[25] 3.1-11 2.2 110 69 14 2 x.18 1 x.015 4
[26] 2.3-11 2.1 129 70 2A%x31%.014 2
Presented 24-11 3.7 107 84.5 20 x .08 4 x .012 A

5. CONCLUSION

This paper introduces a novel circular and compact UWB radiator designed for 5G microwave
technology applications. Extensive analysis of simulation results reveals that this radiator, with dimensions
measuring 15x11x1.6 mm?, exhibits impressive performance characteristics. It achieves a peak gain of 3.75 dBi
and boasts an efficiency rating of 84.5%. Furthermore, this antenna showcases a remarkably wide impedance
bandwidth of 107%, centered around the 5.2 GHz frequency, spanning from 2.4 GHz to 11 GHz. The current
distribution in the antenna demonstrates strong radiation capabilities. The design maintains a stable and
consistent radiation pattern and offers a low-profile construction and excellent impedance matching. With its
distinctive “TU” shape, this antenna is well-suited for diverse communication applications, including Wi-Fi,
5G, WLAN, and various other microwave communication scenarios.
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