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Abstract

Spectral congestion has become critical in modern wireless environments because of the 
enormous growth of Internet of Things (IoT) devices. Therefore, a compact dual-band 
reconfigurable antenna capable of real-time frequency agility is designed and implemented 
using PIN diode–based switching to alleviate these challenges. The antenna is fabricated 
on a low-cost FR4 substrate that is amenable to mass deployment of the antenna in the 
scale of mass market IoT systems. A dual-band engineering proposal for this antenna is 
made to be efficient in two IoT communication bands widely used today: 2.4 GHz and 5.2 
GHz. CST Microwave Studio was used to perform full-wave electromagnetic simulations 
that were then experimentally validated by VNA. Stable directional radiation patterns are 
observed through the bands, a measured return loss better than −18 dB, which confirms 
robust impedance matching, and a peak gain of 4.2 dBi. In addition, the reconfiguration 
time of the PIN diode switching mechanism is less than 10 µs, resulting in near-instanta-
neous reconfiguration to changing spectrum conditions. These performance characteristics 
attest to the antenna’s viability in time-sensitive, interference-aware IoT applications such 
as smart homes, industrial automation, and wearables. The results show how the combi-
nation of agile antenna architecture helps improve spectral efficiency, robustness of the 
links, and communication robustness in the future wireless networks.
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depending upon real-time interference assessment, fur-
ther enhances the system.

Contribution and Impact

The key contributions of this paper are given by:

•	Development of a compact, low-cost, reconfigurable 
antenna with dynamic dual-band operation.

•	PIN diodes with microcontroller logic for interference-
aware adaptability using real-time switch.

•	CST Microwave Studio full-wave electromagnetic 
simulation and VNA and anechoic chamber testing 
verification.

Comparison of performance analysis including low return 
loss, stable gain, and fast switching times in a congested 
environment.

The solution proposed in this work provides a robust way 
to improve both spectral efficiency as well as communi-
cation reliability for dense IoT deployments. Finally, the 
proposed design provides a solid base for future devel-
opments of smart, AI intelligent antenna systems to fur-
ther boost network adaptability and QoS in the future 
next generation IoT ecosystems.

Literature Review

Over the past years, the aspects of compact, multiband, 
and agile antennas able to efficiently support IoT sys-
tems that are now required to be dynamically re-con-
figurable and spectrum-congested have been highlighted 
through the innovation of reconfigurable antenna tech-
nologies [1,2]. With the increasing spread of IoT devices 
in the fields of smart home, autonomous cars, and 
industrial automation, being able to deal with the vari-
ety of existing communication standards has become 
an essential design criteria [3,9]. An example can be 
the compact, single-band monopole antenna reported 
by  [1,11,14], although structurally simple, it was a sin-
gle band antenna, thus not suitable in a heterogeneous 
IoT network [2,16] developed a script towards a cogni-
tive radio-based antenna that used slot-tuning function-
ality to give frequency agility, although it experienced 
prolonged latencies that defied quick-switching electro-
magnetic surroundings.

Moreover [4], made tuning by varactor diode to accom-
plish size reduction in the antenna. Although it was 
reduced in size, the design experienced poor radiation 
efficiency, which affected the quality of communication. 
In [5,14], MEMS-based antennas showed strong isolation 

Introduction

Background and Motivation

The growing demand for Internet of Things (IoT) appli-
cations in different industry segments, such as indus-
trial automation, smart homes, and healthcare, is 
dominating the market with an exponential number of 
wireless device deployments on the rise. In smart fac-
tories, industrial environments are continuously pow-
ered by smart factories, whereby machine health and 
production efficiency are monitored in real time. Voice-
activated assistants in residential areas manage light, 
security, energy consumption, and so on. At the same 
time, more and more advanced healthcare systems 
employ wearable biosensors for continuous vitals mon-
itoring of patients.

Consequently, severe spectrum congestion occurred in 
the unlicensed 2.4 GHz and 5 GHz Industrial, Scientific, 
and Medical (ISM) bands and their widespread adoption. 
Communication is getting more and more difficult as 
multiple devices are trying to get their fair share of the 
available spectral resources. Current antennas are fixed 
in frequency bands and have small agility to address 
changing channel conditions that cause interference, 
latency, and poor signal quality.

Problem Statement

Fixed frequency antenna architecture is ill-suited for 
spectrum engorged environments. There is poor qual-
ity of service (QoS) for delay-sensitive or bandwidth-in-
tensive applications on account of the fact that they 
are unable to synchronize with fast changing interfer-
ence levels. To illustrate, smart home device operation 
simultaneously with such multiple devices causes large 
packet loss, while mission critical healthcare wearables 
may suffer from communication delays that are harmful.

Proposed Solution

In order to overcome these limitations, a compact, dual-
band, and reconfigurable antenna with the ability for 
real-time change frequency is proposed. Instead of using 
traditional elements such as switches to control the fre-
quency range of operation, the design incorporates PIN 
diode–based switching elements which are implemented 
directly into a planar monopole antenna body, allowing 
the device to operate in either of two heavily used IoT 
communication frequencies (2.4 GHz and 5.2 GHz). A 
microcontroller-based control circuit, which makes use 
of a threshold-based logic to activate the requisite diode 
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is suitable for many wireless communication and IoT 
applications.

PIN Diode–Based Frequency Reconfiguration

The antenna also includes two such PIN diodes (e.g., 
HSMP-386×) on strategic locations (between the main 
radiating arm and the tuning stubs) for dynamic fre-
quency reconfiguration. They are RF switches hence 
working as adaptive analog switches of antenna to oper-
ate its frequency depending on the applied DC bias as 
shown if figure 2.

•	ON State (Forward Bias): In forward biasing the diodes, 
the current can flow in both stubs. With this configu-
ration, the effective electrical length of the antenna 
is altered in such a way so as to activate the higher 
resonance mode of around 5.2 GHz.

•	OFF State (Reverse Bias): In the reverse biased condi-
tion, one or two stubs are electrically isolated. As a 
result, the current distribution is restricted, and the 
antenna will operate at the lower resonance at 2.4 
GHz.

Because of the fast switching response, low power con-
sumption, and small insertion loss, the use of PIN diodes 
is one of the most suitable things to perform the in 
real-time frequency agility in an interference-prone IoT 
environment. Such an approach is assured of dual-band 
operation without the need for mechanical tuning or 
bulky filter networks.

Microcontroller-Based Control Architecture

An intelligent microcontroller-based control unit orches-
trates the switching functionality of the antenna with 

and a high level of precision in the reconfiguration that 
proved problematic due to the mechanical nature and 
large cost of production, limiting their applicability as 
scalable antennas. In [6,13], reconfigurable dipole anten-
nas having better impedance matching were suggested, 
but because of the compactness of the structure, they 
cannot fit in the small size embedded systems. More 
recently [7,12], exploited AI-based geometry optimi-
zation to reconfigure multiband, as simulation accu-
racy was achieved and yet real-time responsiveness 
did not work well in dynamic spectral contexts. On top 
of this  [8,10,15], looked into flexible substrates anten-
nas that could be utilized as wearable and conformal. 
Though the mechanical flexibility was useful, mechan-
ical switching was subject to signal degradation and 
long switching latency and thus could not be practical in 
latency-sensitive IoT applications.

Methodology

To introduce an intelligent frequency switching between 
the 2.4 GHz and 5.2 GHz band, the proposed dual-band 
antenna design takes advantage of reconfigurable archi-
tecture-based PIN diodes and control logic. The evalua-
tion uses a switching mechanism, an antenna geometry, 
and a control architecture that is implemented in the 
framework.

Antenna Configuration and Geometry

A planar, monopole structure proposed antenna is 
designed with regard to a standard FR4 dielectric sub-
strate (εr = 4.4, 0.02 loss tangent, and 1.6 mm thick) 
is shown in figure 1. The dual-band compact design is 
optimized for frequency agility and radiation efficiency, 
and the elements are carefully engineered to implement 
frequency agility and achieve high radiation efficiency.

The L-shaped metallic arm part of the radiating element 
constitutes the major radiator to discern the fundamen-
tal and higher order modes. Two rectangular tuning 
stubs is integrated into the structure to further refine 
the impedance characteristics and control the resonant 
frequencies. Fine adjustment of return loss across the 
operational bands can be done with the aid of these 
stubs.

The antenna is fed with a 50 ohm microstrip transmis-
sion line that provides good matching to standard RF 
sources and less reflection losses. With this configura-
tion, the antenna can provide stable performance not 
only in both 2.4 GHz and 5.2 GHz bands but also through 
omnidirectional radiation patterns, and the antenna 

Fig. 1: Schematic layout of the proposed dual-band 
reconfigurable antenna with labeled dimensions and 

substrate layers.
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made up of simple DC feed network employing biasing 
resistors (1 kΩ) and DC blocking capacitors (100 pF) to 
block RF paths. Using switching transistors, the tran-
sitions between the states of the diodes are made by 
means of control signals from the microcontroller’s out-
put pins in a safe and isolated way.

Electrical and Frequency Tuning Model

The antenna is continuously monitored to ensure opti-
mal power transfer and minimize reflection losses at the 
antenna’s input impedance. This is referred to as the 
impedance at the feed point, which is expressed as:

	 Zin​=R+jX ----------------(1)

where
•	The real power delivered to the antenna is R, the 

resistive component.

the switching being functionally connected with real-
time environmental parameters such as interference 
levels, signal-to-noise ratio (SNR), and channel occu-
pancy which is shown in figure 3A. The system based on 
this contextual information decides algorithmically what 
frequency band the robot should operate on.

An implementation of a threshold-based decision algo-
rithm is performed inside the microcontroller to evalu-
ate incoming signal metrics. A state change is triggered 
when the interference measured exceeds a predefined 
SNR threshold in which case the controller biases the 
PIN diode, reconfiguring the antenna to a less congested 
frequency band. On the fly frequency agility is provided 
by this adaptive mechanism to provide higher link reli-
ability and communication robustness in dense wireless 
DOCS network of IoT networks, urban deployment, and 
smart home systems.

To implement real-time frequency switching based on 
the PIN diodes, block diagram like that in Fig 3b illus-
trates the microcontroller-based control unit manag-
ing the same. The metrics (from signal quality point of 
view) like SNR or interference levels are continuously 
monitored and processed through a threshold-based 
decision algorithm. For the evaluated conditions, appro-
priate biasing voltage for the PIN diode is then applied 
to help the fast and autonomous toggling between the 
frequency band of 2.4 GHz and 5.2 GHz. In the envi-
ronment of dynamic spectrum occupancy, this type of 
low latency reconfiguration ensures minimal disruption, 
which is very well-suited for smart IoT nodes and adap-
tive wireless systems. The PIN diode biasing circuit is 

Fig. 2: PIN diode state logic controlling current 
distribution and frequency response.

Fig. 3: (A) Control logic flowchart for adaptive 
switching between 2.4 GHz and 5.2 GHz bands.  

(B) Microcontroller-controlled reconfiguration circuit.

(A)

(B)
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rigorously analyzed using the CST Microwave Studio, a 
full-wave electromagnetics simulation tool based on 
the FIT. By applying radiation modeling as the open 
boundary without any reflective conditions, the sim-
ulation environment can reproduce real world condi-
tions as radiations. Some key simulation parameters 
and the frequency range of the operating frequency 
range at which the simulation is made are given in 
Table 1, and substrate properties (frequency range and 
solver configurations) used are described. As part of 
this, the broadband responses such as S parameters, 
VSWR, and radiation characteristics are computed effi-
ciently using a broadband response solver. Adaptive 
refinement of the feedline and patch interface critical 
regions is performed in order to ensure that the results 
of simulating the structure will converge and be of 
high fidelity. It is also given here as the parameter of 
the simulation.

Material and Geometrical Configuration

To realize the antenna structure on a low-cost FR4 
substrate, the substrate was selected for availability 
and consistent dielectric properties in RF applications. 
These are the key material parameters for the FR4:

•	Relative permittivity (εr): 4.3
•	Substrate thickness (h): 1.6 mm
•	Loss tangent (tan δ): 0.02
•	Conductor material: Copper with electrical conductiv-

ity σ = 5.8×107 S/m 

An L-shaped patch is designed to support dual-band oper-
ation, and the primary radiating element comprises the 
L-shaped patch. Frequency reconfiguration is enabled 
by strategically embedding PIN diodes within the patch 
geometry which allow for the current distribution path 
to be modified. The feedline provides excitation via a 
50 ohm microstrip feedline impedance matched to stan-
dard RF sources. This feed mechanism being near to the 
feed point minimizes reflection and has good return loss 
in both the bands and overall radiation efficiency.

Frequency Range and Boundary Conditions

It was simulated across two critical frequency bands 
coexistent with IoT, WLAN, and ISM standards:

•	Band 1: 2.3–2.6 GHz
•	Band 2: 5.1–5.8 GHz

Dual-band antenna operation for these bands is exten-
sively used in smart home devices, industrial IoT, and 

•	The reactive component is X and may be inductive or 
capacitive, depending on the active PIN diode configu-
ration and associated tuning stubs.

By optimizing the diode biasing and stub connectiv-
ity, the reactance X is adjusted such that conditions 
are near resonance at 2.4 GHz and near resonance at 
5.2 GHz. Indeed, this impedance tuning mechanism is 
important to keep a voltage standing wave ratio (VSWR) 
< 2, that is, low reflection coefficients and high return 
loss. Therefore, the antenna can optimize impedance 
matching across both operational bands while improv-
ing signal integrity and radiation efficiency in a dynamic 
communication environment.

Simulation Setup

To accomplish the first step of developing the proposed 
antenna, which is modeled and rigorously analyzed 
using the CST Microwave Studio, a full-wave electro-
magnetic simulation tool is based upon the finite inte-
gration technique (FIT). The open boundary (radiation) 
conditions of the simulation environment allow it to 
replicate true world conditions, as far as field radiation 
modeling is applied. In Table 1, substrate properties 
(frequency range and solver configurations), operating 
frequency range, and other key simulation parameters 
are outlined. An efficient broadband response solver is 
employed to compute the broadband responses like S 
parameters, VSWR, and radiation characteristics. The 
critical regions, including the feedline and patch inter-
face, are adaptively refined so that the results of the 
simulation will converge and have high fidelity. The 
parameters of the simulation are given here.

Simulation Setup

In order to achieve the first step of developing the 
proposed antenna, the antenna has been modeled and 

Table 1: Simulation parameters for 
reconfigurable antenna design.

Parameter Value Unit

Substrate type FR4 —

Dielectric constant 4.4 —

Thickness 1.6 mm

Frequency range 2.0–6.0 GHz

Feedline impedance 50 Ohm

Diode model HSMP-386× —

Ground plane dimensions 30 × 40 mm

Radiation element L-shaped patch + stubs —
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high-speed wireless networking, making them an 
important target for dual-band antenna operation.

The outer simulation domain was configured using 
open (radiation) boundary conditions for the purposes 
of replicating realistic free space conditions in the 
CST Microwave Studio. It is such a boundary setting 
that guarantees electromagnetic waves radiated from 
the antenna are absorbed, preventing any nonphysical 
reflections which may distort the far-field characteris-
tics. A configuration such as this enables the accurate 
extraction of critical antenna parameters, including 
gain, S parameters, VSWR, and radiation patterns.

Mesh and Solver Settings

In the chosen setup for the simulation, the following 
solver and meshing strategies were used to balance 
computational efficiency with high frequency accuracy 
across the dual-band spectrum:

•	Mesh Type: The 3D model was discretized adaptively 
using a mesh so that critical regions can be resolved, 
such as feedline, patch edges, and diode placements.

•	Mesh Refinement: A dynamic refinement scheme with 
its convergence threshold equal to –40 dB was applied 
to achieve stable results with minimal error in each 
iteration.

•	Solver Configuration: The antenna broadband response 
and transient characteristics were captured by using a 
time domain solver which is good for multifrequency 
analysis in one single simulation run.

Excitation Method: A structure was defined at the feed point 
to act as a waveguide port to excite the structure and obtain 
accurate input impedance and reflection characteristics.

By utilizing these configurations, reliable simulation of 
S parameters, VSWR, and radiation patterns for both 
2.4 and 5.2 GHz operating bands were possible. Table 2 
shows the CST simulation parameters.

Figure 4, schematizes the simulation setup which is 
implemented in the CST Microwave Studio software. It 
illustrates the major components such as the L-shaped 
patch antenna geometry, FR4 substrate, microstrip feed-
line, and waveguide port used for excitation. A radiation 
boundary box surrounding the problem mimics the free 
space, while a mesh region is included for the spatial 
discretization that provides an accurate numerical anal-
ysis. It successfully depicts how spatial arrangement and 
excitation mechanism were utilized in the process to 
perform the electromagnetic simulation phase.

Table 2: CST simulation parameters.

Parameter Value Unit

Substrate material FR4 —

Relative permittivity (εr) 4.3 —

Substrate thickness 1.6 mm

Loss tangent 0.02 —

Operating bands 2.3–2.6 / 5.1–5.8 GHz

Feedline impedance 50 Ohms

Simulation tool CST Microwave Studio —

Boundary condition Open (Radiation) —

Solver type Time domain —

Fig. 4: CST simulation environment configuration for 
dual-band antenna design.

Fig. 5: CST microwave studio configuration for patch 
antenna simulation with waveguide excitation and 

radiation boundaries.

The CST Microwave Studio was used to evaluate elec-
tromagnetic performance of a dual-band patch antenna 
using Figure 5. A radiating patch of L shape is placed on 
the FR4 dielectric substrate with a ground plane under-
neath and forms the antenna structure. A waveguide 
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port excites the antenna, and signal propagation is via 
a microstrip feedline matching with the patch excitation 
edge. Recast in terms of open space, radiation boundary 
surrounds the simulation domain and acts as a boundary 
which absorbs outgoing waves and reduces the reflec-
tion artifacts. It also defines a mesh region among the 
boundary to allow for the use of fine multi-integrator 
technique (FIT) or finite element method (FEM) calcu-
lations, according to the solver used. Spatial reference 
of 3D field distribution analysis is defined on the ori-
entation axes (X, Y, and Z). Setting this up lends itself 
accurately to the calculation of parameters such as 
S-parameters (S11), radiation patterns, gain and input 
impedance, deemed imperative for the designing and 
optimizing reconfigurable antennas in IoT, and wireless 
decomposition systems.

Results and Analysis

The performance of the proposed dual-band reconfigu-
rable antenna was validated using full-wave electromag-
netic simulations and experimental measurements. The 
results reveal that the antenna works well at both 2.4 
GHz and 5.2 GHz frequencies covering the requirement 
of the modern IoT and WLAN applications.

With PIN diode–based switching, the dynamic frequency 
reconfiguration can be performed at very little latency 
and with proper adaptability in congested spectral 
environments. The antenna has demonstrated excel-
lent impedance matching (VSWR < 2), low return loss, 
and stable radiation characteristics in the simulation as 
well as measurement domains. These results prove that 
such an antenna is suitable for use in real-world wireless 
systems with compact, low profile, and frequency agile 
requirements.

Impedance Matching and Return Loss

It is shown by simulation results obtained in the CST 
Studio Suite that the proposed antenna has a VSWR less 
than 1.5 in both operational bands of 2.4 GHz and 5.2 
GHz. Excellent matching to the load is indicated, which 
is necessary for maximum power transfer and minimum 
mismatch losses.

In addition, the return loss (S11) is simulated to be more 
than –18 dB in both frequency bands, demonstrating that 
the input port sees little reflected power as shown in 
figure 6. The effectiveness of antenna’s geometry and 
feed structure in obtaining high-efficiency dual-band 
resonance is validated by these results.

Fig. 6: S-parameter plot of the antenna for both 
frequency bands (2.4 and 5.2 GHz).

Radiation Characteristics and Gain

Simulated far-field patterns agree with these character-
istics, particularly in Band 2 (5.2 GHz), where a 4.2 dBi 
peak gain is observed. Figure 8 shows the gain versus fre-
quency plot for both operational bands. In figure 7A the 
radiation profile shows a main lobe, with a well-defined 
main lobe and little side lobes, which enhances the 
directivity and reduces the on multipath interference.

Such characteristics make the antenna ideal for IoT, 
WLAN, as well as smart communication systems that 
necessitate focused signal transmission and is required 
for a spectral congested environment.

Radiation behavior is analyzed over both the frequency 
bands of 2.4 GHz and 5.2 GHz, and the surface current 
distribution and electric field strength are visualized at 
both frequencies.

Measured Validation and Switching Performance

An antenna design was proposed based on these ideas, 
which was physically realized and tested with the aid 
of a vector network analyzer (VNA). Close agreement of 
the measured return loss and gain with simulation results 
proved the accuracy of the electromagnetic model and 
reliability of the physical prototype. The verification of 
this alignment indicates that the design methodology is 
able to realize dual-band resonance and stable radiation 
performance.

Furthermore, hardware testing of the antenna’s recon-
figuration speed was performed using a control circuit 
driven by a microcontroller. According to the measure-
ment, the switching time was about 8.6 μs, indicating 
the system’s fast time response for frequency transi-
tion. This fast-switching behavior is essential for real 
time operation in such communication systems with 
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(A)

(B)

Fig. 7: (A) Radiation pattern comparison at 2.4 GHz 
and 5.2 GHz. (b) Field distribution for reconfigurable 
antenna at 2.4 GHz band (left) and 5.2 GHz (right).

Fig. 8: Gain versus frequency plot for both 
operational bands.

frequency agility, for example, IOT networks and adap-
tive wireless platforms.

Performance Summary

For evaluating the effectiveness of the proposed dual-
band reconfigurable antenna in an exhaustive way, 
simulated and measured results were compared over 
crucial performance indicators. The first set of param-
eters includes VSWR, return loss (S11), gain, and switch-
ing time. These results show strong antenna simulation 
versus real measurements alignment, indicating the reli-
ability of the antenna design and its fabrication.

The structure of the antenna, as shown in Table 3A, 
displays a VSWR lower than 1.5 (simulated) and 1.6 
(measured) in both 2.4 GHz and 5.2 GHz bands, thus 
confirming an effective impedance matching. Input 

Table 3A: Performance metrics comparison 
between simulation and measurement.

Metric Simulation Measured

VSWR (2.4 / 5.2 GHz) <1.5 <1.6

Return loss (S11, dB) —19/—21 —18.3/—20.6

Gain (dBi) 4.1/4.8 4.0/4.6

Switching time (μs) — 8.6

Table 3B: Power consumption comparison 
of switching technologies.

Switching Technology Power Consumption Unit

Varactor-based switching 145 mW

AI-driven optimization 80 mW

PIN diode control 3 mW

reflection is low and power transfer is efficient over 
both bands because the S₁₁ parameter exceeds –18 dB. 
The values of both gains simulated and measured (4.1 
dBi and 4.8 dBi) also closely match (4.0 dBi and 4.6 dBi, 
respectively).

The switching mechanism on the device was also cus-
tomized, and the measured switching time was 8.6 μs, 
which allowed for rapid switching across frequencies. 
The results of this paper confirm the feasibility of the 
antenna to serve as a flexible and interference-prone 
antenna in dynamic environments like, for example, IoT 
and wireless communication systems in need of ador-
able spectral response.

Also, in Table 3B, the power consumption for various 
switching technologies in reconfigurable antenna sys-
tems is compared. Among the three evaluated meth-
ods in this paper, the proposed PIN diode approach has 

(A)
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Experimental Validation

Finally, a fabricated and experimentally tested dual-
band reconfigured antenna was verified against practical 
operation and validated the accuracy for the prediction 
simulation under real operating conditions.

The antenna was constructed on a low-cost FR4 sub-
strate because of its favorable mechanical stability and 
the ease of its manufacture as well as compatibility with 
compact RF designs. The substrate has a relative per-
mittivity of εr=4.4, thickness of 1.6 mm, loss tangent of 
0.02, and is suitable for applications in the IoT, WLAN, 
and other short to medium range wireless communica-
tion systems. But, standard copper (σ = 5.8×107 S/m) 
etching process was used to realize the conductive 
layers.

Next, detailed measurement using a VNA was carried 
out on this fabricated prototype within an anechoic 
chamber, and key performance parameters such as S11, 
VSWR, gain, and switching speed were obtained. Finally, 
the experimental setup and validation procedures are 
discussed in the subsequent sections.

Measurement Environment

In a shielded anechoic chamber, a controlled and 
reflection-free environment for electromagnetic test-
ing, experimental validation of the antenna perfor-
mance has been performed. Such a chamber can be 
used to eliminate the external RF interference and 
to suppress the multipath reflections to measure key 
radiation parameters such as gain, VSWR, and far-field 
radiation patterns in a high-fidelity manner. S param-
eter measurements were performed using these with 
focus on the reflection coefficient (S11) using a Rohde 
& Schwarz [10] ZNB VNA. Impedance matching charac-
teristics and return loss offered by the antenna were 
validated through measurements in the designated 
operational bands of 2.4 GHz and 5.2 GHz. The cho-
sen test environment and instrumentation were chosen 
such that simulation boundary conditions will closely 
follow the same measurements.

the lowest computational power of 3 mW. On the other 
hand, varactor-based designs require much more power 
(145 mW) since continuous tuning voltage is needed, 
whereas an AI-based switching mechanism only requires 
moderate power (80 mW) as they compute and learn 
onboard.

The proposed method’s stark contrast highlights its 
energy efficiency, making it an ideal solution for low 
power IoT applications, battery powered sensors, or 
wearable devices because of their requirement of power 
conservation. This supports adopting PIN diode switch-
ing in systems that require fast, lightweight, and pow-
er-aware operation genre switching.

Comparative Evaluation with Existing Works

A comparative analysis between the performance of 
the reconfigurable antenna proposed in this paper and 
several recently published dual-band antenna designs 
aimed to alleviate the problems faced by IoT and WLAN 
applications was performed. Operating frequency 
bands, physical footprint, peak gain, return loss (S11), 
switching mechanism, and any other particular fea-
tures that will improve practical utilization are among 
the evaluation key metrics. Comparing the electrical 
and mechanical performance of the proposed design 
with the other designs, as shown in Table 4, the clear 
tradeoffs obtained are better than the other designs. It 
has a footprint of 28 × 22 mm² and a measured peak gain 
of 4.8 dBi and return loss higher than –19 dB, superior 
to prior designs in both bands. Moreover, by integrat-
ing a PIN diode–based switching mechanism driven by a 
microcontroller, the frequency agility can be achieved 
in real time, with a measured switching time of 8.6 μs, 
which is a vital attribute of the spectrum adaptive com-
munication system. On the other hand, previous works 
relied on varactor tuned or mechanically configurable 
designs, and consequently they tend to have high power 
consumption, slow switching, or a narrow bandwidth. 
Results confirm the appropriateness of the proposed 
antenna, where a favorable compromise of size, perfor-
mance, and adaptability is accomplished, and it is highly 
appropriate for next-generation IoT deployments.

Table 4: Comparative summary of dual-band antenna designs for IoT applications.

Ref. Freq. Bands (GHz) Size (mm²) Gain (dBi) S11 (dB) Switching Type Notable Features

[5] 2.4/5.5 40 × 35 3.2 / 4.1 −15/−18 Varactor Tunable, but power-hungry

[10] 2.3/5.8 38 × 30 2.9 / 3.8 −14/−17 Mechanical Slower switching

[14] 2.45/5.5 30 × 25 3.5 / 4.2 −12/−15 EBG-based Compact, but narrow BW

This work 2.4/5.2 28 × 22 4.1 / 4.8 −19/−21 PIN Diode + μC Fast switching, compact, low VSWR
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The fabricated dual-band reconfigurable antenna is con-
nected to a VNA within a shielded anechoic chamber as 
shown in Figure 9. The external interference and inter-
nal reflections are suppressed by facing walls with RF 
absorptive material. This controlled environment gives 
precise measurement of critical parameters like S₁₁, 
VSWR, gain, etc. To isolate the antenna, it is placed on 
a nonmetallic test stand and the VNA is configured for 
real-time reflection coefficient analyzation across the 
2.4GHz and 5.2GHz bands.

Results and Correlation with Simulation

The measured S₁₁ parameters also agreed well with CST 
simulation results for the antenna’s predicted resonant 
behavior and impedance matching whether operating at 
2.4 GHz or 5.2 GHz. This is because of fabrication vari-
ation, substrate heterogeneity, and soldering-induced 
displacement of embedded PIN diodes, causing typically 
minor deviations, within ±0.1 GHz.

In addition, the far-field radiation patterns that were 
measured in the E plane as well as H plane were very 
close to the simulated patterns for the antenna, mean-
ing that the antenna had very good directional charac-
teristics. The results are particularly good when both 
PIN diode switching states are considered and the results 
are highly stable in pattern with respect to dynamic 
reconfiguration.

Figure 10A presents the measured and simulated results 
for the proposed dual-band reconfigurable antenna. 

Fig. 9: Proposed experimental antenna test setup in 
the anechoic chamber.

Fig. 10: (A) Comparison of simulated and measured 
S11 and gain performance. (B) Return loss analysis 

under varying load conditions.

(B)

(A)

The first panel compares the measured and computed 
S₁₁ parameters, with CST simulation in good agreement 
with the real data over 2.4 GHz and 5.2 GHz bands. The 
bottom plot plots the antenna’s gain performance with 
consistent pattern observed between the simulated and 
measured data in both diode switching states.

Fabrication tolerances and slight variations of the PIN 
diode placement result in minor frequency shifts of the 
measured curves within ±0.1 GHz. Finally, the experi-
mental results demonstrate that the proposed design 
topology of the antenna is valid, both in terms of the 
antenna’s efficiency and PIN diode–based switching 
strategy that enables adaptive operation in spectrally 
congested environments as present in IoT and smart 
wireless systems.

The measured return loss (S11) of the proposed antenna 
under load termination (Figure 10B) is shown against 
nominal 50Ω but also in 40Ω, 60Ω, and 75Ω conditions. 
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scheme with less complexity, less power, and lower 
fabrication cost. This solution strikes a chord between 
straightforwardness of deployment and adaptability 
removing the need for recalculation or a manual inter-
vention. A threshold-based algorithm is used in the inte-
grated control circuit to assess dynamically SNR-related 
environmental metrics in order to make an autonomous 
band switching. By benchmarking against state-of-the 
art designs (Table 4), the proposed antenna shows the 
best improvement in gain, return loss, and switching 
time in a low-cost, manufacturable way. Collectively, 
these attributes affirm the antenna’s strong suitability 
for real-time, spectrum-adaptive applications in dense 
wireless and IoT ecosystems.

Conclusion

In this work, a compact and efficient dual-band recon-
figurable antenna for IoT application in spectrum con-
gested environments with design, simulation, and 
experimental validation is presented. The antenna is 
a planar monopole configuration fabricated on an FR4 
substrate with PIN diode–based switching for real-time 
reconfiguration from 2.4 GHz to 5.2 GHz. An autonomous 
switching based on the environmental interference con-
dition is enabled by a microcontroller-based control sys-
tem to improve the antenna’s spectral agility and link 
reliability.

Real-world measurements and simulations of the 
antenna prove that it is capable of providing low return 
loss, stable directional radiation patterns, and accept-
able gain over both bands of operation. The results show 
the strong benefit of the proposed architecture in pur-
suing efficient frequency reusability, minimum power 
reflection, compact form-factor integration, which are 
vital issues for next generation IoT platforms.

Overall, the proposed antenna provides a cost-effective 
approach, low complexity, and highly responsive solution 
for an adaptive spectrum access for dynamic wireless 
ecosystems. Future work may focus on the integration of 
the artificial intelligence–based decision logic for predic-
tive band switching, the application of the conformable 
material for wearable and body mounted implementa-
tion, and extensions of the reconfigurable concept to 
multiband or ultra-wideband (UWB) architecture.
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