ACES JOURNAL, Vol. 40, No. 08, August 2025 734

Design, Simulation, and Experimental Investigation of a 7.24 GHz Pattern
Reconfigurable Monopole Antenna for Enhanced Wireless Communication

Emine Ceren Gozek!2, Fikret Tokan!, Muharrem Karaaslan?, and Fatih Ozkan Alkurt?

! Department of Electronics and Communications Engineering
Y:ldiz Technical University, Esenler, 34220 Istanbul, Turkey
ftokan @yildiz.edu.tr

ZDepartment of Electrical and Electronic Engineering
Kahramanmaras Sutcu Imam University, 46000 Kahramanmaras, Turkey
eminecerengozek @ksu.edu.tr

SDepartment of Electrical and Electronic Engineering
Iskenderun Technical University, 31200 Hatay, Turkey
muharrem.karaaslan @iste.edu.tr, fozkan.alkurt @iste.edu.tr

Abstract — This study presents a novel pattern reconfig-
urable antenna structure designed for wireless commu-
nication systems. The proposed antenna operates at a
center frequency of 7.2 GHz, which is particularly sig-
nificant for 5G and future 6G communication systems.
This frequency band is suitable for high-speed data trans-
mission and enhances user experience by improving sig-
nal quality. The antenna can provide various beam steer-
ing capabilities, making it adaptable for multiple appli-
cations, including mobile communication systems con-
figurations. The design methodology involves using a
circularly grounded monopole antenna. The equivalent
circuit models for the RF switches in both open and
closed states are provided, facilitating the analysis of
the antenna’s electrical characteristics. Simulation and
measurement results demonstrate that the antenna main-
tains a reflection coefficient (|S;;|) below -10 dB across
a bandwidth of approximately 500 MHz, confirming its
wideband performance. The findings indicate that the
proposed antenna structure is not only efficient but also
adaptable to various operational conditions, making it a
promising candidate for future wireless communication
applications.

Index Terms — Antenna beamforming, pattern reconfig-
urability, RF switches, UWB antenna, wireless commu-
nications.

L. INTRODUCTION
Reconfigurable antennas play a significant role in
wireless communication systems since they can dynami-
cally alter their radiation patterns, frequencies, and polar-
izations [1, 2]. These antennas achieve reconfigurabil-
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ity through various electronic solutions, including PIN
diodes [3], varactor diodes [4], RF-MEMS switches [5],
phase shifters, Microwave Liquid Crystal (MLC) tech-
nology [6], metasurfaces [7], and optical switches [8].

The advantages of reconfigurable antennas in terms
of radiation patterns can be categorized as follows: flexi-
bility, space efficiency, cost-effectiveness, improved sig-
nal quality [9], enhanced capacity and coverage [10],
and high data transmission rates [11]. These advantages
are critically important for meeting the requirements of
modern communication systems. One of the fundamen-
tal benefits of these antennas is their ability to adjust the
radiation pattern according to specific communication
scenarios dynamically. This feature enables the antenna
to direct signals and avoid interference in crowded envi-
ronments [12].

When examining the literature on pattern reconfig-
urable antennas, studies have investigated the ability of
antennas designed using RE-MEMS switches to dynami-
cally change their frequency and radiation patterns. Deng
et al. state that the Ka-band microstrip patch antenna
designed using RF-MEMS switches can achieve recon-
figurable radiation patterns. This study demonstrates that
RF-MEMS switches can effectively alter the antenna’s
radiation pattern [13]. Zhang et al. introduced an inno-
vative approach by presenting a pattern reconfigurable
planar array antenna characterized by a digital coding
method, which allows for flexible modifications of the
antenna’s radiation pattern [14]. Abdulhameed et al.
developed a technique to enhance antenna performance
by utilizing EBG (Electromagnetic Band Gap) struc-
tures and PIN diodes to control the radiation pattern of a
microstrip antenna in both elevation and azimuth planes
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[15]. Jmai et al. noted that their MMIC (Monolithic
Microwave Integrated Circuit) antenna design, integrated
with RF-MEMS switches, provides reconfigurability for
both frequency and radiation patterns [16].

In this study, a novel circularly grounded monopole
antenna concept capable of controlling the radiation
pattern for wireless communication systems has been
designed using RF-MEMS technology, analyzed in
a simulation program and experimentally tested. The
pattern reconfigurability of the radiation pattern was
achieved using 32 RF switches. A microcontroller was
employed to monitor the logical states of the electronic
components, specifically logic 1 and logic 0, while the
surface current density was altered to facilitate the con-
trol of the antenna’s radiation pattern. The proposed
antenna structure proves the beam steering capabilities
of the proposed antenna at 7-7.5 GHz frequency bands.

II. ANTENNA DESIGN METHODOLOGY
FOR PATTERN RECONFIGURABLE
MONOPOLE ANTENNA

The configuration of the suggested circular
monopole antenna is illustrated in Fig. 1, showing both
front and side views. The antenna incorporates copper,
characterized by an electrical conductivity of 5.8x10’
S/m, for its metallic reflectors and ground plane. In
contrast, FR-4, a dielectric material with a relative
permittivity of 4.3, is utilized as the substrate for the
antenna design. The primary purpose of utilizing a
circular structure in the design is to take advantage of
the fundamental symmetry conditions. The circularly
symmetry geometry brings the advantage of direction
independence, versatile communication capabilities,
wide bandwidth, and polarization diversity. In the
circular structure, the central ground is surrounded by

Fig. 1. Front and side views of the circular-shaped
grounded monopole antenna.
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32 identical patch reflectors to control the radiation
beams. The beam control is achieved through the logical
states of the RF switches, specifically logic 0 and logic
1, which correspond to the on/off states. These antenna
dimensions were chosen by considering many factors
such as the operating frequency of the antenna and the
desired performance characteristics. These dimensions
are provided in Table 1.

Table 1: Design parameters of recommended antenna

Parameter R L r a b
Dimension (mm) | 55 | 188 | 4 | 3.06 | 39.25

1. SWITCHING TECHNIQUE TO PROVIDE
PATTERN RECONFIGURABILITY

The RF switches (BGS 1 2WN6) operate up to 9
GHz. In Fig. 2 (a), the switching network located in
the substrate of the proposed antenna structure is illus-
trated, showing the connection configuration of 32 RF
switches between the reflector and RF ground. Figures 2
(b) and (c) provide detailed connection points for a sin-
gle RF switch. The design of the antenna allows for the
RF current paths in the substrate to change under various
switching conditions, depending on the on/off states of
the RF switches utilized in the antenna design.

The equivalent circuits for the on/off states of the
RF switch used in the proposed antenna structure are
shown in Fig. 2 (d). The equivalent circuit model of
the complete antenna structure is presented in Fig. 2
(e). These models represent the electrical characteris-
tics of the antenna through a simplified circuit model,
which facilitates the analysis of complex antenna struc-
tures. This approach enables a better understanding of
performance, optimizes the design process, and allows
for behavior analysis under different operating condi-
tions. To clarify the derivation of the equivalent circuit
model presented in Fig. 2 (e), the RLC (Resistance (R),
Inductance (L), and Capacitance (C)) component values
were calculated based on the electromagnetic behavior
and geometrical configuration of the antenna’s physical
structure.

The inductance (L) represents the current paths
along the metallic segments of the antenna, and it was
approximated using standard inductance expressions for
microstrip or wire segments, such as:

(Ho-1) 0
(2m)-[In(21/r)—1]"

The capacitance (C) reflects the coupling between
the patch reflectors and the ground plane, and it was esti-
mated using the parallel-plate capacitance model:
(&-&-A)

d )

L~
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Fig. 2. (a) The switching network located in the substrate of the proposed antenna structure, (b) RF switch connection
diagram, (c) RF switch block diagram, (d) equivalent circuit model of an RF switch in the on/off-state, and (e) electrical

equivalent circuit model of the antenna.

where A denotes the effective coupling area and d the
vertical separation.

The resistance (R) accounts for conductor losses and
is calculated based on the surface resistance R;. The sur-

face resistance is defined as:

1
R; = Wa (3)

where the skin depth § is given by:

@) @

This completes the estimation of the RLC parame-
ters based on physical and material properties.

IV. NUMERICAL ANALYSIS FOR THE
PROPOSED ANTENNA STRUCTURE
Figure 3 shows the antenna’s reflection coefficient

IS11| and the table of switching states when the RF
switches are in various switching states. For all switching
states, the antenna appears to have a constant |S;; | value
below -10 dB in the 7-7.5 GHz band. The bandwidth of
the antenna structure is 500 MHz.
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Fig. 3. (a) Reflection coefficient of the antenna (|S;;]|)
under various switching conditions characteristics and
(b) switching states.

The working principle of the pattern reconfigurable
circular monopole antenna is based on controlling the
far-field radiation patterns in the desired direction by
dynamically regulating the electromagnetic current paths
of the antenna through RF switches. The circular geom-
etry of the antenna consists of multiple segments, which
are turned on and off in certain combinations with the
utilization of RF switches. Combinations of RF switches
modulate the current density and thus the radiation pat-
tern. Depending on the on and off states of the RF
switches, the main lobe is formed in a specific (0¢, Q)
direction and ensures that the radiation is limited in that
direction.

Figure 4 presents various switching conditions of the
antenna structure, showing the antenna visuals and sim-
ulated 3D and polar radiation patterns for each switch-
ing condition. The radiation patterns in polar form were
obtained at 7.2 GHz in the 6=45° plane, where maxi-
mum radiation occurs. Across all switching conditions,
maximum radiation is directed toward the 8=45° plane
where the RF switches are closed. This indicates that, by
adjusting the necessary switching conditions, it is possi-
ble to steer the radiation towards the desired direction.
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The total electric field pattern corresponding to each
switching state can be generally expressed as:

N
E(6,0) =) S.-Fui(6,9), )
n=1

where E(0, @) is total electric field of the antenna con-
sidering to the switching states, S,= [SI, S2, S3, Sn] is
switching state (S,=1 element active, S,=0 element pas-
sive). The radiation function for the antenna structure can
be expressed as:

Fu(6,0) = A, - cos () ek sn(0=45")cox(@=0n) ()
where A, is amplitude coefficient of the n element, m
determines the magnitude of the main lobe, d,, is a dis-
tance of n element from the antenna center.

The total electric field pattern for the complex radi-
ation function is expressed by:

N
E(0,9)=Y Su- A,-e® £,(0,0)-T(0,2). (7)
n=1

The term I'(0, &) accounts for non-idealities due to
environmental effects and is defined as the sum of three
main contributions:

r(@,@):Yg(6,®)+’}/m(9,®)+%(67®), (8)
where 7,(0,9),Yn(0,9), and %.(0,2), and represent
the ground reflection and surface wave effects, mutual
coupling effects among antenna elements, and reflection
and scattering effects from surrounding objects.

Alternatively, this term can be approximated in a
simplified form:

I'(6,0) =1(6,0)-/VO0} )
where 1(6,@) denotes overall attenuation factor (0 <
N < 1) and y(0,) represents the net phase shift from
all effects. We define phase angle as:

P, =k(x,-sinB - cos@+y,sinOsin@ +z,cos0),
2r

k=~ (10)

Finally, the individual radiation pattern of each ele-
ment is defined as:
fn(97®):Gn(67®)Pn(6’®)' (11)
The antenna’s ability to direct radiation toward any
desired point in different switching states enhances the
performance of communication systems, ensures energy
efficiency, and increases system flexibility. Considering
these advantages, this study enables modern communica-
tion systems to operate more effectively and efficiently.
Observing the radiation patterns in various switching
states, it is evident that the antennas can operate in sin-
gle, dual, or multiple radiation modes. A single beam
allows the antenna to focus in a specific direction, facili-
tating high-capacity data transfer with maximum energy.
In dual-beam steering, the antenna radiates in two differ-
ent directions, providing a wide coverage area and reduc-
ing signal interference, which offers significant advan-
tages.



GOZEK, TOKAN, KARAASLAN, ALKURT: DESIGN, SIMULATION, AND EXPERIMENTAL INVESTIGATION

Y
°a® )
a’}‘

60

&
1L
an

Fig. 4. Continued.

20

120

150



739 ACES JOURNAL, Vol. 40, No. 08, August 2025

551

0
30 30

5

¢ 60

2

1

0 90

120
150 150
180

34
28

22

18

102

041

0,196

0802

141

201 30
26

an

38

44

504

565 60

636

/i
By N o) PR ol /S
XA\\ @\\V/z\ 0 XY/ o }

\ S 7\ / 120 120
// /t/ \
\ '/ o )\ — 150 150
o 180

Fig. 4. Continued.



OZEK, TOKAN, KARAASLAN, ALKURT: DESIGN, SIMULATION, AND EXPERIMENTAL INVESTIGATION

~
X j

V&%

Fig. 4. Antenna switching conditions, simulated 3D and polar radiation patterns at 6=45° plane.




V. FABRICATION AND EXPERIMENTAL
INVESTIGATION

Fabrication of the antenna was carried out in a
microwave laboratory using the LPKF-E33 CNC-based
printed circuit device shown in Fig. 5 (a). The dielectric
material employed was double-sided copper-clad FR4
dielectric material. The monopole structure was fabri-
cated from copper wire. The top and back layers of the
produced antenna structure are illustrated in Figs. 5 (b)
and (c).

During the simulation phase, the beam steering
capability of the antenna was achieved by controlling
the on/off states of the RF switches. Each RF switch
was positioned between the reflector elements located
around the antenna and the ground plane. The on or off
state of these switches altered the distribution of surface
electromagnetic currents, thereby enabling the formation
of beam modes with different radiation directions. As a
result, the antenna could produce single, dual, or multi-
beam radiation patterns. However, during the fabrication
phase, due to the tiny dimensions of the RF switches
(approximately 0.7x1.1 mm?), it was not feasible to
directly integrate them into the physical antenna struc-
ture. Instead, thin metallic connections were soldered at
specific points to emulate the open or closed states of
the switches. Through this approach, the switching logic
used in the simulation was successfully replicated in the
experimental prototype.

(a) (b) (©)

Fig. 5. Fabricated antenna structure (a) on LPKEF, (b) top
view and (c) back view.

|S11| measurements were performed using the Agi-
lent PNA-L vector network analyzer with an operat-
ing frequency range of up to 43.5 GHz, as shown in
Fig. 6 (a). The reflection coefficient and radiation model
measurement setup of the proposed antenna structure
are illustrated in Fig. 6 (b). As shown in the radiation
model measurement setup, a reference horn antenna was
utilized as the receiving antenna, while the fabricated
antenna structure served as the transmitting antenna.
The reflection coefficient plot of the fabricated proposed
antenna structure is presented in Fig. 6 (c) for vari-
ous switching states. The measured variations with fre-
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characteristics.

quency for all combinations show a broadband charac-
teristic of the antenna at the 7.2 GHz center frequency.

The measured radiation patterns of the fabricated
antenna are presented together with the simulated ones
for five randomly selected switching states in Fig. 7.
These radiation patterns are almost in good agreement
for all selected switching states. However, there are some
ignorable mismatches which are caused by laboratory
imperfections and using metallic connections in exper-
iments that create insertion loss.

A detailed comparison of the proposed antenna with
recent state-of-the-art designs is presented in Table 2,
highlighting its distinctive advantages in terms of recon-
figurability and design efficiency.

As presented in Table 2, the proposed antenna struc-
ture achieves a 16° beam steering capability at 7.2 GHz
using RF-MEMS switches. Additionally, through vari-
ous combinations of 32 individually switchable reflec-
tor elements, the antenna can generate single, dual, and
multi-beam radiation patterns, which enhance energy
efficiency, coverage area, and interference mitigation.
The most significant distinction of this work from previ-
ous studies lies in the antenna’s ability to precisely steer
the beam toward a desired direction, which is not only
electronically controlled but also mathematically mod-
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Fig. 7. Normalized radiation pattern of polar forms at (a)
Mode 5, (b) Mode 6, (c) Mode 7, (d) Mode 8, and (e)
Mode 9.

Table 2: Literature comparison

Ref. | Switching |Frequencyy Beam | Reconfig-
Element (GHz) Steering | urability
Range Type
[13] | RE-MEMS 35 16° Pattern
[15] | PIN Diode 6 40° Pattern
[16] | RE-MEMS | 26-30.7 - Frequency
[17] | PIN Diode | 1.57-2 84° Pattern
This | RF-MEMS 7.2 16° Pattern
Work

elled and validated. This feature significantly improves
the beam steering performance and facilitates integration
into modern wireless communication systems.

VI. CONCLUSION
This study comprehensively examines the signif-
icance and potential of the novel circularly grounded
monopole antenna in wireless communication systems.

ALKURT: DESIGN, SIMULATION, AND EXPERIMENTAL INVESTIGATION

The proposed antenna structure designed using RF
switches offers a critical advantage for meeting the
requirements of modern communication systems by
enabling dynamic adjustment of radiation patterns. The
findings indicate that at a frequency of 7.2 GHz, the max-
imum radiation intensity occurs at an 8=45° direction
when all RF switches are in the off position. This demon-
strates the capacity of the proposed antenna to steer radi-
ation toward desired directions by adjusting the switch-
ing conditions.

The antenna, operating in different switching states,
exhibits single, dual, and multi-beam radiation modes,
enhancing communication system performance and
ensuring energy efficiency. The ability to form a single
beam allows the antenna to focus on a specific direction,
offering high data transfer capacity. In contrast, dual-
beam steering provides significant advantages such as
broad coverage and reduced signal interference.

In conclusion, the designed pattern reconfigurable
antenna, with its flexibility, cost-effectiveness, and high
data transmission speed, can significantly improve com-
munication system performance and enhance user expe-
rience. The proposed antenna can be applied in 5G and
6G wireless communication systems and the Internet of
Things. Future research should focus on frequency and
polarization reconfigurability.
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