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ABSTRACT: The development of adaptable and efficient antenna designs has been required due to the growing demand for high-
performance wireless communication systems driven by the increasing availability of online video streaming and multimedia devices.
The design and implementation of a compact, reconfigurable C-shaped patch antenna that is specifically designed for 5G applications in
the sub-6GHz spectrum is presented in this paper. The antenna, which measures 20× 30mm2, can operate at five resonance frequencies
within the 4 to 6GHz range. Laser treatment is applied to optimize bandwidth and gain. Following the treatment, the antenna attained
a bandwidth of 1100MHz and an improved gain of 5.2 dBi at 5GHz, as opposed to its initial gain of 4.3 dBi. The system functioned
effectively since the reflection coefficient was less than −10 dB over the desired frequency ranges. The design’s stable performance,
compact integration, and varactor diode frequency adjustment make it desirable for wireless applications. Results exhibited a consider-
able match between simulated and measured data, demonstrating the promise of this reconfigurable antenna for next-generation wireless
communication systems.

1. INTRODUCTION

The field of wideband antennas with high gain is experienc-
ing significant growth, especially in the domains of medi-

cal imaging, radar, and defensive communication. Planar mi-
crostrip antennas are commonly employed for their benefits,
including cost-effectiveness, compact footprint, and seamless
interaction with other components [1–3].
Nevertheless, despite these numerous benefits, microstrip

antennas have several disadvantages, including limited effi-
ciency and narrow bandwidth. Previous studies [4–10] indi-
cate that co-planar antennas [4] enhance bandwidth by optimiz-
ing the dispersion of electromagnetic fields. Modifications to
the notch gap [5] improve bandwidth and directivity. Slotted
patch antennas [6] improve bandwidth by incorporating reso-
nant slots that change current paths. Defected ground struc-
tures (DGSs) [7] are known for attenuating surface waves and
enhancing impedance bandwidth. Incorporating parasitic ele-
ments into co-planar [8] or stacked designs [9, 10] enhances
the effective aperture and streamlines multi-band operations.
The dimensions and bandwidth of the microstrip antenna are
closely correlated with the substrate’s dielectric constant. The
substrate’s high dielectric constant results in a reduced antenna
size, while the substrate’s low dielectric constant produces a
larger bandwidth [11–13]. The dimensions of the antenna and
bandwidth are in a trade-off relationship. However, paramet-
ric analysis is the predominant method employed in the current
literature to optimize antenna parameters.
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The rapid development of various services has caused con-
gestion inside the frequency band, leading to elevated spectrum
licensing expenses and increasing customer per-bit rates. To
solve these problems, frequency reconfigurable antenna sys-
tems are a good idea. They make it possible to send large
amounts of data quickly while making good use of spectrum
resources for many different wireless protocols [14, 15]. These
antennas at the front ends of cognitive systems enable smooth
and interference-free radiation by allowing seamless transitions
across different bands.
The main objective of this work is to develop and manufac-

ture antennas capable of adjusting both frequency and radia-
tion patterns based on integrating a varactor diode as the tuning
mechanism. Existing literature has identified several reconfig-
urable antennas operating within the 1.8–4.5GHz range [16–
25]. Ref. [16] presents a broad-band right hand circular po-
larization (RHCP)/left hand circular polarization (LHCP) patch
antenna array with an E-shaped element. Particle Swarm Op-
timization achieved 17% axial ratio (AR) bandwidth. Measur-
ing the isolated element with micro-electromechanical switches
(MEMSs) on a 0.092 substrate validated this achievement. Ro-
tated elements are used for pattern symmetry. The suggested
antenna in [17] uses a microstrip feed and a circular radiating
element. For reconfigurability, the circular radiating element
has three patches and silicon PIN diodes as switches. In each of
the three patches, slots of various shapes cover 2.4, 3.6, 4.9, 5.1,
and 5.9GHz with an antenna size of 47×35mm2. Ref. [18] il-
lustrates a reconfigurable antenna with two quarter-wavelength
radial radiators at the top layer. Four PIN diodes control the ra-
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diation direction. The antenna has a bandwidth (BW) of 1.88–
2.64GHz (34% fractional BW) and a peak gain of 3.7 dBi.
A three-beam-guiding radio frequency (RF) MEMS-based

pattern reconfigurable antenna is presented in [19]. The L-band
restricts the antenna’s pattern reconfiguration capability, which
has a resonance frequency of 1.8GHz. The RF MEMSs oper-
ate in three modes: on, off, and peak gain, with a patch area of
37 × 67.5mm2. The respective values are 6.25 dBi, 6.28 dBi,
and 4.01 dBi. A compact reconfigurable monopole antenna in
[20] initially functions across a wide frequency range of 4.0–
7.8GHz. By integrating two pin diodes and adjusting their
switching states, the antenna can be reconfigured to operate
in single-band (3.3–4.2GHz) and dual-band (3.3–4.2GHz and
5.8–7.2GHz) modes with its compact size of 25 × 15mm2 at
3.3GHz. Ref. [21] presents a reconfigurable antenna in polar-
ization controlled by an open stub branch-line coupler feed net-
work. The antenna, occupying a 150×150mm2 area, achieves
a tunable impedance bandwidth of 2.0GHz to 3.0GHz (40%)
by varying the capacitance of four varactor diodes positioned
between the circular patch and ring. The impedance band-
width of the feed network ranges from 1.5GHz to 3.5GHz [22].
The article describes a circular patch antenna with frequency-
changing capabilities featuring a rectangle and narrow slots.
Like a dipole, the antenna produces consistent radiation pat-
terns. Under consideration, its frequency can continually vary
between 1.91 and 2.77GHz. The antenna frequency is con-
trolled by a DC biasing network with three RF varactor diodes
on the narrow slot-DGS. The total size of the antenna, including
the biased circuit, is 50.5× 41.5mm2.
A frequency-tunable antenna with dimensions of

31 × 42mm2 that is accomplished by toggling two PIN
diodes is illustrated in [23]. The structure demonstrates
a multi-band response with four bands, providing a tun-
ability of 700MHz and a minimum return loss of −28 dB.
Ref. [24] introduces a patch antenna that can be reconfigured
to accommodate applications in the S and C bands of the RF
spectrum. The antenna can be reconfigured to operate at three
primary frequencies: 2.07GHz, 4.63GHz, and 6.22GHz, with
a switching voltage of less than 0.9V, by utilizing a single PIN
diode on the ground plane. The antenna is designed on an FR-4
substrate with dimensions of 70× 60mm2 and is characterized
by a rectangular ring-shaped radiating patch. Ref. [25] presents
a compact wide-band tuning-reconfigurable antenna designed
explicitly for sub-6GHz applications. A matching stub and
a C-shaped monopole element can be employed to adjust the
frequency across two resonant bands, 4 to 5.18GHz and 5.45
to 6.65GHz, by changing the reverse-biased voltage of the
varactor diode from 0.5V to 10V. The antenna is 40× 40mm2

in size and comprises four C-shaped elements.
Recent breakthroughs in laser processing can enhance the

planner antenna’s performance even further. Laser technology
utilizes coherent and high-intensity light to alter the architec-
ture and material characteristics of the antenna. These qualities
can lead to better surface roughness, higher conductivity, and
improved dielectric properties, all optimizing antenna perfor-
mance [26]. By accurately adjusting laser properties, it is pos-
sible to realize tailored alterations that meet specific design pa-

rameters, leading to antennas with wider bandwidths and higher
gain [27].
The application of a Neodymium-doped Yttrium Aluminium

Garnet (Nd: YAG) laser has been demonstrated to improve both
bandwidth and antenna gain [28, 29]. The laser treatment re-
pairs the antenna’s physical and microstructural characteristics,
achieving significant improvements in electromagnetic perfor-
mance by modifying its surface and structural characteristics.
This work involves the development and execution of a com-

pact antenna that is reconfigurable and operates at frequencies
below 6GHz. After implementation, the antenna’s radiation
line undergoes treatment with an Nd: YAG laser to improve its
bandwidth and gain. The antenna has a varactor diode that ad-
justs the frequency range from 4 to 6.65GHz. This technology
enables the advancement of more efficient wireless networks
by attaining desirable enhancements in antenna properties. The
comparative analysis indicates that the proposed design out-
performs previous works regarding compact profile, improved
impedance matching, higher efficiency and gain, and broader
bandwidth.
This paper comprises the subsequent sections. Section 2

describes the reconfigurable antenna’s configuration, and Sec-
tion 3 presents the proposed antenna’s results and discussions of
reflection coefficient, laser treatment, and antenna performance
in terms of efficiency, gain, and radiation pattern, as well as a
comparison with the referenced antennas. Finally, Section 4
presents the conclusion.

2. ANTENNA CONFIGURATION
The top and bottom views of the proposed design, which in-
cludes a fabricated prototype of the reconfigurable C-shaped
patch antenna, are illustrated in Figs. 1(a)–(d). The proposed
system consists of a ground plane that measures 30 × 20mm2

and a C-shaped antenna. The antenna is designed on a Rogers
RT5880 substrate with a thickness of 0.8mm, a relative permit-
tivity of 2.2, and a tangent loss of 0.0009. The impedance of the
patch and feed line is matched by a curly stub that is placed ad-
jacent to the radiator’s edge, thereby reducing return loss.
The design process is illustrated in Figs. 2(a)–(d), which pro-

vides a representation of the sequential steps. A 50-ohm mi-
crostrip line provides power to the antenna during the initial
stage (step 1). In order to accomplish impedance matching, a
stub is implemented in the second step. Nevertheless, issues
arise due to the inconsistent impedance of the surface beneath
the radiating element, which renders it an ineffective radiator
across the interested frequency range. The third step (step 3)
is shown in Fig. 2(c), which further advances the process. At
this stage, a stub connects an inverted L-shaped parasitic com-
ponent to the primary element, allowing it to operate in higher
frequency bands. This configuration is demonstrated in Fig. 3,
which provides a unique perspective on this aspect.
The primary and parasitic L-shaped elements are separated

by an etched gap measuring 0.8mm, which accommodates the
varactor diode in further progress. The radiator’s continuous
function at a resonance of 5GHz is made possible by the pre-
cise configuration, as depicted in Fig. 3, in conjunction with
a capacitance of 1.5 pF. The impedance of the patch and feed
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(a) (b)

(c) (d)

FIGURE 1. Geometry of reconfigurable antenna: (a) Top, (b) Bottom, and (c)–(d) Fabricated prototype view.

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

FIGURE 2. Design process of proposed antenna: (a) step 1, (b) step 2, (c) step 3, and (d) step 4.

FIGURE 3. Reflection coefficient for the reconfigurable antenna. FIGURE 4. Simulated reflection coefficients at six values of capacitance.

line are matched to reduce return loss, which is achieved by
positioning a curly patch with size 12× 3mm2 adjacent to the
radiator’s edge. This enhancement is illustrated in Fig. 2(d),
which denotes the fourth stage of the process.

The physical design of the radiator, essential impedance
characteristics, and intended operational frequency range are
the critical determinants of the varactor diode’s placement. The
impedance and resonance frequency of the antenna can be ad-
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FIGURE 5. Measured reflection coefficients at different voltages. FIGURE 6. Prototype with ND: YAG laser.

justed by precisely positioning the diode along the radiating el-
ement or feed structure. Consequently, this modification has a
significant influence on the antenna’s effectiveness and band-
width.
The methodology for determining the fundamental charac-

teristics is explained using the transmission line model [30, 31].
Calculation of the patch width (W ) and the effective length

(Leff) is illustrated as follows:
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where fo indicates the resonance frequency in GHz, c the speed
light, εr the relative permittivity of the substrate, εreff the effec-
tive dielectric constant, and h the substrate thickness.
The precise patch length (L) is related to length extension
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L = Leff − 2∆L (5)

The antenna’s design, shaped like a C, was simulated and im-
proved using a high-performance 3D electromagnetic analysis
software called CST.

3. RESULTS AND DISCUSSIONS

3.1. Reflection Coefficient
The simulation and optimization of a reconfigurable antenna
design were carried out using a CST Studio Suite. Fig. 4 depicts
the evaluation of the reflection coefficient conducted using the
CST tool. As described in the datasheet, the frequency tuning

experiment entailed modifying the varactor diode’s capacitance
values within the parameter range of 0.4 to 2 pF.
In order to validate the simulation results achieved fromCST,

a system prototype was developed. This experimental model is
illustrated in Figs. 1(c)–(d). The measurements were carried
out using a KC901V model vector network analyzer (VNA)
to cover a frequency range from 100MHz to 7GHz. The
VNA underwent a rapid calibration operation that involved an
open/short/load sequence prior to the measurement. A more
straightforward approach to measuring the transmission and re-
flection coefficients has been established: the reverse bias volt-
age applied to the diode is adjusted from 0.5 to 10V. The varac-
tor diode SMV2019 is specified to have a minimal bias voltage
of 0V in the datasheet. The outcome is a 0.25GHz decrease in
the resonance frequency.
Figure 5 depicts a comparison measurement of the S-

parameter, comparing the simulated and measured values. By
increasing the biased voltage of the varactor diode from 0.5 to
10, the lower resonant band was shifted from 4 to 5.18GHz,
while the higher band was shifted from 5.45 to 6.65GHz.
The voltage standing wave ratio (VSWR) and characteristic

impedance are two important factors that define the character-
istics of the design that are being suggested.
One way to measure the efficiency of transmitting radio-

frequency power from a power source to a load is by looking
at the VSWR. To test impedance matching in radio-frequency
systems, one uses the maximum-to-minimum amplitude ratio
of the standing wave. A VSWR of 1 : 1 indicates perfect
alignment with little reflection and power loss. The inherent
impedance of a transmission line, often 50 ohms in RF appli-
cations, is known as the characteristic impedance. It shows a
single wave’s relationship with its voltage and current. With
VSWR and impedance values below 1.5 and about 49 ohms, the
reconfigurable antenna is effectively transmitting power and
has good impedance matching.

3.2. Particle and Roughness Analysis

The analysis of the nanoparticles shows that the surface is gen-
erally clean and even with limited particulate matter before us-
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(a) (b)

FIGURE 7. Particle and roughness before laser treatment. (a) Particle analysis. (b) Surface roughness.

(a) (b)

FIGURE 8. Particle and roughness After laser treatment. (a) Particle analysis. (b) Surface roughness.

ing the ND: YAG laser on the structure of the reconfigurable
C-shaped patch antenna mounted on a Rogers RT dielectric
substrate (Fig. 6). The particles that are present are frequently
exceedingly small, typically falling within the micron to sub-
micron range, as illustrated in Fig. 7(a). Atomic force mi-
croscopy (AFM) was used to measure the standard roughness,
as shown in Fig. 7(b). Surface roughness metrics are found to
be low in the results.
Significant modifications to the surface make it quite rough.

As observed in Fig. 8(a), this appearance is the result of the ma-
terial’s melting, vaporization, and re-solidification processes.
As vaporized material condenses into debris particles of vary-
ing sizes, the surface encounters non-uniformity in particle size
and distribution.
According to roughness examination, surface roughness

metrics, like Ra and Rq, show a notable increase following
laser application. Fig. 8(b) shows that as a result, the surface
becomes increasingly uneven, with more pronounced peaks
and valleys and overall undulation. The increased rough-
ness affects the material’s conductive layers and dielectric
properties, changing the surface structure.

To illustrate the variation, Fig. 9 presents a comparison of the
measured scattering parameters for the designed antenna, both
with and without treatment. With no modifications, the antenna
covers a wide frequency range of 4.5 to 5.5GHz, and its 5GHz
resonance frequency is achieved with a biasing voltage of 1.5V.
The antenna’s ND: YAG laser covers a wide frequency range of
4.45 to 5.6GHz. As shown in Fig. 9, it displays resonances at
5GHz. There is a significant correlation between the pre- and
post-treatment simulated and measured outcomes of the pro-
posed configuration.

3.3. Performance of the Proposed Design

A comprehensive analysis has been performed on the antenna’s
gain and total efficiency parameters in different states, as shown
in Fig. 10. Specified frequency ranges in which the antenna op-
erates include 4.25–6.48GHz, 5.18–5.18GHz, 5.25–5.5GHz,
5–6GHz, and 5.45–6.65GHz. Within the specified frequency
ranges, the minimum gain recorded is 3.8 dBi, with an effi-
ciency of 90%. In contrast, the antenna attains a maximum gain
of 4.3 dBi and a peak overall efficiency of 94%. An impor-
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FIGURE 9. Measured reflection coefficients before and after treatment
at 1.5V (5GHz).

FIGURE 10. Evaluation of the proposed design’s gain and efficiency.

TABLE 1. Comparison with previous works.

Ref.
No.

Antenna size
(mm2)

No. of
Diodes

Frequency
(GHz)

Bandwidth
(GHz)

Gain
(dBi)

Eff. (%)

[16] 45× 89 2 2.4 2.15–2.63 10 88
[17] 36× 48 4 2 and 2.4 1.88–2.64 4 82
[18] 35× 47.25 2 2.4, 3.6, 5.1 2.2–2.8, 3.4–3.8, 4.8–6 4.2 78
[19] 37× 72 2 1.8 1.7–1.9 6.28 N.M
[20] 15× 25 2 3.7 and 6.2 3.3–4.2, 5.8–7.2 3.4 92
[21] 150× 150 4 2.04, 2.5, 2.98 1.5-3.5 4.91 62
[22] 50.5× 41.5 3 2.2, 2.4, 2.5, 2.7 1.91–2.77 1.57 N.M
[23] 31× 42.04 2 3.1, 3.6, 3.8 3–4 2.27 95
[24] 60× 70 1 2.07, 4.63, 6.22 1.8–2.3, 4.3–4.8, 6–6.4 5.68 74

This
work

20× 30 1
4.5, 5, 5.25,
5.5, 5.75, 6

4–5.1, (4.5–5.5 Before)
(4.45–5.6 After),

5–6, 5.2–6.4, 5.4–6.6

(4.3 Before)
and (5 After)

90
95

tant observation is that the gain of the reconfigurable modified
monopole C-shaped antenna rises as the frequency increases.
A more thorough examination of the antenna’s performance,

both with and without modification, shows that the gain contin-
uously exceeds 3.8 dBi throughout its frequency range. More
precisely, by operating at a resonance frequency of 5GHz, the
antenna achieves a maximum gain of 4.3 dBi. The treatment
application increases the antenna’s gain by around 15%, lead-
ing to a maximum gain of 5 dB compared to the previous state.
The measurable gain strongly corresponds to the predicted out-
comes, confirming the findings’ dependability.
Moreover, the antenna under consideration has a radiation

efficiency approaching 90% within its designated operational
range. At the resonance frequency of 5GHz, the laser-loaded
antenna attains a maximum radiation efficiency of 97.5% at a
frequency of 5GHz, validating the proposed treatment’s effec-
tiveness in improving both the gain and efficiency.
Figure 11 shows the E- and H-plane two-dimensional ra-

diation patterns at four frequencies (5, 5.25, 5.5, and 6GHz).

A review of the results shows that the E-plane properties
at higher frequencies are similar to those at lower frequen-
cies. At each of the four frequencies used in the experi-
ment, the co-polarizations in the E-plane exceed the H-plane
cross-polarizations. However, co- and cross-polarization dis-
crepancies point to an advantageous E-plane radiation pattern.
Also, the cross-polarization is smaller, and the E-plane co-
polarizations behave almost quasi-omnidirectional. The sub-
stantial deviation leads to a steady radiation pattern in the E-
plane.

3.4. Comparison with Previous Research Articles

Table 1 summarizes the performance evaluation of the pro-
posed antenna design compared to previous works. The results
show that the recommended configuration is effective for vari-
ous critical parameters. In particular, the proposed antenna ex-
hibits a frequency range of 1.1GHz, significantlywider than the
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(a) (b)

(c) (d)

FIGURE 11. 2-D electric field radiation pattern at four frequencies: (a) 5GHz, (b) 5.25GHz, (c) 5.5GHz, and (d) 6GHz.

reference designs. Additionally, the design outperforms the ef-
ficiency of numerous existing configurations by 97%.
The proposed antenna’s gain, which is five dBi, is compara-

ble to that of the referenced designs. In addition, the proposed
design’s impedance matching is nearly optimal, with a value of
approximately 50Ohms, ensuring efficient power transfer and
minimal signal loss. This is further confirmed by the VSWR
value of approximately one, which suggests a transmission line
that is nearly perfect and minimally reflected waves.
The suggested antenna is physically compact, with 20 ×

30mm2 dimensions. This antenna is advantageous for mod-
ern communication devices requiring a compact form factor.
It is both efficient and compact. The proposed antenna is dis-
tinguished from other published designs by including a ground
clearance zone area expressly designed for the sub-6GHz fre-
quency bands. This optimization improves the antenna’s over-
all performance by increasing the total efficiency across a wide
range of frequency bands and spanning a broad bandwidth.

4. CONCLUSION

This paper presents a compact, reconfigurable C-shaped patch
antenna designed for 5G applications within the sub-6GHz
spectrum. Integrating Nd: YAG laser treatment and a varactor
diode for frequency tuning has led to significant enhancements
in bandwidth and gain, achieving a bandwidth of 1100MHz
and a gain of 5.2 dBi at 5GHz. The antenna’s compact size
(20× 30mm2) and efficient operation across multiple frequen-
cies make it well suited for modern wireless communication
devices. Compared to existing designs, the proposed antenna
demonstrates high performance, particularly in broader band-
width, improved gain, and nearly ideal impedance matching,
with a reflection coefficient consistently below −10 dB. The
matching between the simulated and measured results confirms
the design’s effectiveness and highlights its potential for sub-
6GHz applications.
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