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ABSTRACT: The efficient integration of wireless communication technologies into IoT applications is essential to ensuring seamless and
reliable access to application data. In this context, the present paper proposes a dual-band meander-shaped patch antenna, specifically
designed for IoT applications. The proposed antenna supports operation across the WLAN, 4G, and 5G frequency bands, with resonant
frequencies centered around 2.4GHz and 5GHz. The design is implemented on a Rogers RT-5880 substrate, and all simulations and op-
timizations are performed using CSTMicrowave Studio (CST MWS). The antenna features compact dimensions of 20×10×1.57mm3

(equivalent to 0.16× 0.08× 0.01λ3
0 at 2.4GHz). The proposed antenna’s effectiveness was assessed through a comprehensive evalua-

tion combining numerical simulations and experimental prototyping. Its performance outcomes were further benchmarked against con-
temporary designs reported in recent literature. Distinguished by its miniaturized geometry, straightforward integration into electronic
platforms, cost-effectiveness, and manufacturability, the antenna demonstrates strong potential for deployment in advanced Internet of
Things (IoT) infrastructures.

1. INTRODUCTION

Compact devices equipped with miniature antennas have be-
come essential for Internet of Things (IoT) applications,

due to their compatibility with a wide range of cases [1–4].
Among the challenges encountered, particular attention is given
to applications operating at low frequencies, where the inverse
relationship between antenna size and operating frequency
poses significant constraints [5, 6]. In this context, antenna
miniaturization emerges as a key solution to meet these require-
ments. Several techniques have been developed to reduce an-
tenna size, including the use ofmeandered lines [3, 4, 7, 8], frac-
tal structures [9, 10], and metamaterials [11, 12]. The minia-
turization technique used in this study is based on the imple-
mentation of meandered lines. Antennas designed using this
approach allow for significant size reduction, both of the an-
tenna itself and the devices in which they are integrated, while
maintaining acceptable radiation performance. In applications
where compactness and size reduction are critical requirements,
meandered-line antennas are particularly advantageous, as they
effectively extend the electrical path of the radiating element
within a confined physical area. These antennas are well-suited
for a wide range of wireless applications, including mobile de-
vices, short-range wireless communication networks, and IoT
devices [7–9]. The reviewed academic works span a compre-
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hensive range of investigations into compact antenna architec-
tures and optimization strategies applicable to wireless commu-
nication and IoT platforms. In [13], a miniaturized linearly po-
larized antenna for ultra-high frequency radio frequency iden-
tification (UHF RFID) mobile phones is proposed, with dimen-
sions of 75×16×10mm3 (0.23×0.05×0.03λ3). A multiband
microstrip antenna, incorporating defected ground structures
(DGS) and patch slots, is proposed in [14]; it measures 55.5×
42.75× 1.5mm3 (0.44× 0.34× 0.01λ3). In [15], the authors
describe a miniaturized internal monopole antenna measuring
40 × 10 × 0.8mm3 (0.44 × 0.11 × 0.02λ3), offering a multi-
resonant response suitable for Internet of Things (IoT) appli-
cations and providing a wide bandwidth for various wireless
communication scenarios. Article [16] introduces a compact
antenna for radio frequency (RF) energy harvesting, with di-
mensions of 37×20×1.6mm3 (0.29×0.16×0.01λ3). Further-
more, a compact meandered antenna optimized for 2.45GHz
resonance is presented in [17]; it measures 35× 35× 1.6mm3

(0.28 × 0.28 × 0.01λ3) and delivers wide bandwidth and ex-
hibits elevated radiation efficiency, rendering it well-suited for
wireless sensor networks and RFID systems. Finally, article
[18] introduces an ultra-narrowband filter/antenna hybrid de-
signed for long-range radio (LoRa) applications in the ultra-
high frequency (UHF) band. This component stands out for its
exceptional compactness and high frequency selectivity, with
dimensions of 25× 40× 1.524mm3 (0.07× 0.12× 0.004λ3).
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FIGURE 1. Geometry of the proposed antenna: (a) top view; (b) ground
plane.

FIGURE 2. The frequency-dependent performance of the proposed an-
tenna with respect to parameters L1, L2, and L3.

Collectively, these studies highlight the diversity of ap-
proaches available for designing efficient, compact, and adapt-
able antennas to address the growing requirements of wireless
communication and IoT technologies. In this work, we present
a 20 × 10 × 1.57mm3 (0.16λ × 0.08λ × 0.01λ) patch an-
tenna with a ground plane of 10 × 10mm2 (0.08λ × 0.08λ),
making it particularly suitable for dynamic wireless networks
supporting IoT and 5G applications. This work is a continua-
tion of our earlier work [3], adding manufacturing and expand-
ing the frequency domain while verifying the findings through
measurements. The antenna construction is composed of a
meander-shaped structure constructed on a low-cost double-
sided Rogers RT5880 substrate (thickness of 1.57mm, loss tan-
gent of 0.0009, and relative permittivity of 2.2). The WLAN
4G and 5G frequency bands (2.4GHz and 5.1GHz) are where
it operates. Because of its compact design and affordable price,
the suggested solution is a great fit for the growing need for IoT-
focused dynamic wireless network systems. The simulation is
performed using Microwave Studio simulators from Computer
Simulation Technology (CST). The results obtained are con-
firmed by realization and measurement.

2. ANTENNA DESIGN

2.1. Structural Configuration of the Proposed Antenna
This antenna is designed on a Rogers RT5880 substrate of
1.57mm thickness, featuring a relative permittivity of 2.2 and a
very low loss tangent of 0.0009. CST high-frequency modeling
software was used for its design and simulation. Table 1 lists
the optimized dimensions. The physical layout of the proposed
antenna is shown in Figure 1, where the ground plane is limited
to half of the substrate area (10× 10mm2), and a meandering-

TABLE 1. Optimized antenna parameters.

Symbol L Lg L1 L2 L3 L4

Value (mm) 20 10 3.3 3.3 11.9 8.1
Symbol W W1 W2 W3 a h

Value (mm) 10 9.5 5.5 4.8 0.9 1.57

line radiator is placed on the other side. The antenna is excited
using a microstrip feeding line.

2.2. Effect of the Dimensions L1, L2 and L3
The graph in Figure 2 illustrates the effect of lengths L1, L2,
and L3 on the resonant frequency of an antenna with widths
W1, W2, W3, and Lg fixed at 9.5mm, 5.5mm, 6.8mm, and
10mm, respectively. Target frequencies are set at 2.4GHz and
5.1GHz. Each curve in the graph represents a different con-
figuration of these lengths, noted in millimeters. The reflection
coefficient |S11| is plotted as a function of the frequency, re-
flecting the degree of impedance matching of the antenna to the
desired frequency band. From the graph, it is clear that vary-
ing the lengths of L1, L2, and L3 has a significant impact on
the resonant frequency. The minimum values of |S11|, which
represent the points of the best impedance matching, shift as
a function of these lengths. Adjustments are required to bring
the resonance precisely to 2.4GHz and 5.1GHz. For configura-
tions whereL1,L2, andL3 have small values, 2.8mm, 2.8mm,
and 9.4mm, respectively, we have a maximum resonance fre-
quency compared with the other combinations. For configura-
tions whereL1, L2, andL3 have large values, 3.3mm, 3.3mm,
and 11.4mm, respectively, we have a minimum resonance fre-
quency compared with the other combinations. This implies
that decreasing the lengths L1, L2, and L3 increases the reso-
nance, and vice versa. To ensure operation at the desired fre-
quency, the dimensions of L1, L2, and L3 are assigned values
of 3.3mm, 3.3mm, and 11.4mm respectively.

2.3. Influence of Widths W1, W2 and W3
Figure 3 illustrates the effect of the widths W1, W2, and W3
on the antenna’s resonant frequency, with target frequencies set
at 2.4GHz and 5.1GHz. During the analysis, the lengths L1,
L2, L3, and Lg were fixed at 3.3mm, 3.3mm, 9.4mm, and
10mm, respectively. Optimizing the widthsW1,W2, andW3
is essential for accurately achieving the desired resonant fre-
quencies. Based on the simulation results, the optimal values
for these widths were determined to be 9.5mm forW1, 5.5mm
forW2, and 4.8mm forW3.
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FIGURE 3. A parametric study ofW1,W2, andW3 on the performance
of the proposed antenna across frequency.

FIGURE 4. Impact of Lg on the antenna behavior as a function of fre-
quency.

(a) (b)

FIGURE 5. Images of the fabricated antenna prototype: (a) top view and (b) bottom view.

2.4. Influence of the Lg Parameter

The graph in Figure 4 illustrates the effect of ground plane
length (Lg) on the resonant frequency and reflection coefficient
|S11| of an antenna, with parameter values W1, W2, W3, L1,
L2, and L3 fixed at 9.5mm, 5.5mm, 6.8mm, 3.3mm, 3.3mm,
and 9.4mm, respectively. Each curve represents a different
length of the ground plane, indicated in millimeters. As can
be seen, varying Lg strongly affects the antenna’s resonance
characteristics. For example, when Lg is set to 10mm (orange
curve), the antenna reaches the smallest |S11| value at around
2.4GHz, indicating the best impedance matching and mini-
mum reflection at this frequency. Conversely, shorter or longer
ground plane lengths, such as 8mm (blue curve) or 20mm
(red curve), shift the resonant frequency and degrade matching
performance. This analysis shows that optimizing the ground
plane length is crucial to achieving the desired resonant fre-
quency with optimum antenna performance.

3. RESULTS AND DISCUSSIONS
The parametric analysis of the key design variables is presented
as follows: the effects of the resonator lengths L1, L2, and L3
are shown in Figure 2; the effects of the strip widthsW1,W2,
and W3 are detailed in Figure 3; and the effect of the ground
plane length Lg is presented in Figure 4. As seen in Figure 2, it

is demonstrated that the resonant frequencies of the suggested
antenna are determined by lengths L1, L2, and L3. Lengths
L1, L2, and L3 are assigned values of 3.3mm, 3.3mm, and
11.4mm, respectively, to ensure the target frequency. Figure 3
illustrates how the widths W1, W2, and W3 affect the fre-
quency bands in a similar manner. W1, W2, and W3 have
widths of 9.5mm, 5.5mm, and 4.8mm, in that order. Addition-
ally, Figure 4 shows how frequency values and antenna match-
ing are affected by ground plane length Lg. 10mm is chosen
as the final length of Lg.

3.1. Realization and Validation of Results

This section presents the fabricated prototype of the proposed
antenna. The antenna was realized on a Rogers RT-5880 sub-
strate, characterized by a loss tangent of 0.0009, a thickness of
1.57mm, and a relative permittivity of 2.2. Using a standard
chemical etching process, the fabrication involved the use of
Ferric chloride (FeCl3) as the primary etching agent to remove
unwanted copper from the substrate surface, forming the de-
sired antenna structure. This process ensures good surface qual-
ity and accurate dimensional control of the antenna structure.
The prototype is shown in Figure 5. The reflection coefficient
|S11| of the proposed antenna was characterized using a Vec-
tor Network Analyzer (VNA) to evaluate its impedance match-
ing and operating bandwidth, as illustrated in Figure 6. For
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FIGURE 6. |S11| measurement setup for the proposed antenna.

radiation pattern measurements, a standard horn antenna was
used as the transmitting antenna, while the proposed antenna
served as the receiving antenna. The VNA is from Keysight.
We calibrated the VNA using the electronic calibration. The
horn antenna has a gain of 18 dBi around the functioning fre-
quency band. The distance between the transmitter (Tx) and
Data Transmission Unit (DTU) is 2m to ensure clean far-field
conditions.
Figure 7 presents the total efficiency of the antenna on a lin-

ear scale. The antenna achieves the peak efficiency of approxi-
mately 14% around 3GHz, while maintaining efficiencies of
about 10–13% at the target operating bands of 2.4GHz and
5GHz. The reduced efficiency at lower and higher frequen-
cies is mainly attributed to impedance mismatch and increased
losses outside the resonant bands.

FIGURE 7. Total efficiency of the proposed antenna.

Free-space radiation pattern measurements of the fabricated
antenna were performed using the setup depicted in Figure 8.
The device under test (DUT) was rotated in the azimuth plane
while being illuminated by a fixed-position horn antenna, en-
abling the acquisition of both E-plane and H-plane patterns.

The excellent concordance between the measured results and
simulated models serves to validate the design.
Figure 9 shows the |S11| performance of the proposed an-

tenna, showing a comparison between simulation and mea-
surement data. The simulated curve (solid blue line) demon-
strates two operating bands around 2.4GHz and 5GHz, while
the measured curve (orange dashed line) follows a similar trend
with slight frequency shifts, particularly near 5GHz. These
deviations can be attributed to fabrication tolerances and envi-
ronmental factors. The small discrepancies, especially around
5GHz, are likely due to limitations of the chemical etching pro-
cess, whichmay introduceminor dimensional inaccuracies dur-
ing the fabrication of compact antenna structures.
Radiation diagrams show a generally good match between

measurements and simulations, although discrepancies remain,
mainly in the shape of the lobes. These differences may indi-
cate efficiency losses, interference, or variations in experimen-
tal conditions compared with theoretical models.
Table 2 compares the proposed antenna with several com-

pact antennas specifically designed for Internet of Things (IoT)
applications. Refs. [13–17] have larger overall dimensions
than our antenna, while [13, 15, 17, 18] exhibit narrower band-
widths. These factors demonstrate that our antenna offers a
significant advantage compared to the referenced works. As
presented in Table 3, variations in the geometrical parameters

TABLE 2. Estimated resonant frequencies for each parameter (L1, L2,
L3).

L1 (mm) L2 (mm) L3 (mm) Res. 1 (GHz) Res. 2 (GHz)
2.8 2.8 11.4 2.65 5.2
2.8 2.8 9.4 2.75 5.3
2.8 3.3 9.4 2.6 5.1
3.3 3.3 11.4 2.55 5.0
3.3 3.3 9.4 2.7 5.2
3.3 2.8 11.4 2.6 5.1
3.3 2.8 9.4 2.8 5.4
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FIGURE 8. Measured radiation pattern of the proposed antenna. FIGURE 9. Comparison of measured and simulated reflection
coefficients (|S11|).

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

FIGURE 10. Radiation pattern with measured directivity (in dBi) in 2D of the proposed antenna, compared with the simulation at 2.4GHz: (a) in the
E plane, (b) in theH plane, and 5.1GHz: (c) in the E plane, (d) in theH plane.

TABLE 3. Estimated resonant frequencies for each parameter (W1,W2,
W3) .

W1 (mm) W2 (mm) W3 (mm) Res. 1 (GHz) Res. 2 (GHz)
7.5 3.5 4.8 2.8 5.8
7.5 3.5 6.8 2.7 5.6
7.5 5.5 4.8 2.65 5.55
7.5 5.5 6.8 2.5 5.5
9.5 3.5 4.8 2.7 5.8
9.5 3.5 6.8 2.5 5.8
9.5 5.5 6.8 2.4 5.0

W1, W2, and W3 significantly affect the estimated resonant
frequencies, demonstrating clear tuning behavior for both the
first and second resonance modes.

4. ANTENNA TESTING IN A REALISTIC ENVIRON-
MENT
For IoT applications, the antenna has been tested in a real-
istic environment, where it is connected to the NRF24L01
transceiver device linked to an Arduino Uno. Figure 10 shows

FIGURE 11. Block diagram for communication between Arduino Uno
devices using the proposed antenna, where the resonance frequency is
2.4GHz.

the communication block diagram between two Arduino Uno
devices using the proposed antenna as a transmitter antenna,
illustrated in Figure 11, designed for IoT applications. The
system is made up of several interconnected components that
work together to transmit and receive data efficiently. Figure 12
presents the experimental setup and successful data transmis-
sion between two Arduino Uno devices using the fabricated an-
tenna at 2.4GHz.
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(a) (b)

(c)

FIGURE 12. (a) Receiving antenna, (b) transmitting antenna, and (c) data communication from the Arduino Uno device using the fabricated meandre
antenna with a resonant frequency of 2.4GHz.

TABLE 4. A comparison of the proposed antenna’s performance and the available literature.

Ref. Year Size (λ3
0) Substrate Material Frequency (GHz) BW (%) |S11|

[13] 2020 0.23× 0.05× 0.03 F4B 0.915 2.84 −39

[14] 2021 0.44× 0.34× 0.01 Rogers RO3003
2.44
5.19
5.9

N.A
−33.9

−39.5

−24.7

[15] 2021 0.44× 0.11× 0.02 FR-4
3.3
4.6

15.38
10.98

−18

−14

[16] 2021 0.29× 0.16× 0.01 N.A 2.45 133 −19

[17] 2023 0.28× 0.28× 0.01 FR-4 2.45 8.09 −31.67

[18] 2024 0.07× 0.12× 0.004 Rogers 4003 0.868 4.2 −16

This work 2025 0.08× 0.16× 0.01 Rogers RT-5880
2.5
4.7

12.8
7.4

−22.1

−26.1

On one side, a computer is connected to an Arduino Uno
transmits data. The Arduino Uno processes this data and
transmits it to the NRF24L01 transceiver module. This wire-
less module takes the data processed by the Arduino Uno and
sends it via our proposed antenna in the case of a resonant fre-
quency of 2.4GHz. The associated control block adjusts the
antenna parameters to guarantee the 2.4GHz bandwidth, as the
NRF24L01 only operates on this frequency. Our fabricated an-
tenna plays a crucial role in transmitting RF signals containing
message data sent by the computer. These signals are then re-
ceived by an antenna on the other side of the communication.
TheNRF24L01module, associated with this receiving antenna,
picks up the signals and transmits the received data to a second
Arduino Uno. Once the data has been received by the Arduino

Uno on the receiving side, it is processed and displayed by the
computer as a received message. The wireless transmission test
at 2.4GHz clearly demonstrates the effectiveness of the pro-
posed antenna. It provides stable and reliable communication
between NRF24L01 modules, with good reception quality and
precise bandwidth management. These results confirm that this
compact antenna is well-suited for IoT applications, ensuring
optimal performance in real-world environments. As shown
in Table 4, the proposed antenna exhibits competitive perfor-
mance in terms of size, bandwidth, and impedance matching
compared with existing literature. The use of a Rogers RT-5880
substrate enables efficient dual-band operation while maintain-
ing a compact electrical size.
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5. CONCLUSION
The design of a dual-band, meander-shaped patch antenna ap-
propriate for Internet of Things applications was the goal of this
study. This antenna, which is based on a Rogers RT-5880 sub-
strate, covers the WLAN, 4G, and 5G spectrum and functions
effectively in the 2.4GHz and 5GHz frequency bands. With its
overall dimensions of 20×10×1.57mm3 (0.16×0.08×0.01λ3

0)
at 2.4GHz, the antenna is notable for its small size, low cost,
ease of fabrication, and ease of circuit integration. Manufactur-
ing and measurements verified the simulation results, confirm-
ing the expected performance and proving this design’s viabil-
ity for the intended uses.
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