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Abstract

A compact printed Inverted-F antenna (PIFA) with a wide impedance bandwidth is proposed for integration into 53.98 x 85.6 mm? smart-
card-sized 10T devices. The antenna occupies only 14 x 31.1 mm?2 and achieves a wide impedance bandwidth by introducing an F-shaped
parasitic stub, which generates a controlled dual-resonant response. A prototype was fabricated on a single-layer FR-4 substrate (er = 4.3,
thickness of 1 mm) using standard PCB etching. Measurements show a —10 dB bandwidth of 540 MHz (2.12-2.66 GHz), which agrees well
with simulations and validates the robustness of the dual-mode mechanism. The antenna exhibits a peak gain of 3.69 dBi and a radiation
efficiency of 93.7% at 2.4 GHz. Compared with recent PIFA and parasitic-element-based structures in the literature, the proposed design
provides competitive or superior bandwidth while maintaining a simple planar profile and extremely compact footprint without using defected
ground structures, multilayer substrates, tunable components, or metamaterial loading. These characteristics make the proposed antenna
suitable for cost-effective and space-constrained 10T terminals operating in the 2.4 GHz band.
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Abbreviations

DGS Defected ground structures
loT Internet of Things

PIFA Printed Inverted-F antenna
PCBs Printed circuit boards
SMA SubMiniature version A

1. Introduction

The rapid growth of wireless and Internet of Things (1oT)
technologies has driven an increasing demand for compact,
wideband, and cost-effective antennas. Among various candi-
dates, the Printed Inverted-F Antenna (PIFA) has emerged as
a promising solution due to its compact size, low-profile
structure, ease of fabrication, and high compatibility with
printed circuit boards (PCBs), while maintaining stable radia-
tion performance [1].

Modern loT devices such as wearables, embedded sen-
sors, and small-sized wireless modules are increasingly being
miniaturized and are often comparable in size to smart cards.
These platforms typically integrate the antenna alongside
transceiver circuits, power units, sensors, and controllers on a
single plane, leaving limited space for antenna placement [2].
As the integration density increases, frequency deviation
caused by electromagnetic coupling with neighboring compo-
nents becomes a critical issue, directly affecting impedance
matching and radiation performance.

The study presented in [3] analyzed the allocation of an-
tenna area in smart card-sized devices and recommended ded-
icating approximately one quarter of the total area to the an-
tenna to ensure adequate performance. However, the design
in [3] mainly focuses on antenna size optimization, while the
impedance bandwidth remains relatively narrow. As a result,
the antenna can be highly susceptible to frequency detuning
when integrated into complex circuit environments, which
may significantly degrade impedance matching and radiation

performance. Therefore, achieving a wide impedance band-
width becomes a key design objective in this work. A wider
bandwidth not only ensures full coverage of the 2.4 GHz ISM
band but also enhances tolerance to frequency detuning
caused by electromagnetic coupling and fabrication varia-
tions, thereby improving robustness in practical 10T environ-
ments [4].

To overcome these challenges, several bandwidth-en-
hancement techniques for PIFA structures have been investi-
gated, including:

e  The use of parasitic elements [5].
e Slot loading on the radiating element or ground plane [6].
e Implementation of defected ground structures (DGS)

[11].

e  Geometric optimization through meandering or fractal

designs [12].

Each technique has certain trade-offs and should be care-
fully considered during the antenna design process. The use
of parasitic elements enables multi-resonance characteristics
without significantly increasing antenna size; however, it re-
quires precise control of electromagnetic coupling. Slot-load-
ing extends the surface current path to improve bandwidth but
may complicate fabrication and reduce mechanical strength.
Defected ground structures (DGS) can enhance impedance
bandwidth but may introduce back radiation and efficiency
degradation if not properly designed. In addition, geometric
techniques such as meandered or fractal structures support
size reduction but often increase design complexity and may
distort radiation characteristics.

Accordingly, although various bandwidth enhancement
techniques have been reported, existing designs still face sev-
eral limitations, such as increased structural complexity, de-
graded radiation performance, or limited suitability for highly
compact platforms. In particular, the PIFA design in [3], while
suitable for small devices, exhibits relatively narrow imped-
ance bandwidth and is therefore more susceptible to fre-
quency detuning in practical environments where strong
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electromagnetic coupling may occur. These limitations high-
light the need for a compact antenna solution that can achieve
wider bandwidth while preserving stable radiation character-
istics and ease of integration. Accordingly, the proposed de-
sign focuses on enhancing impedance bandwidth while main-
taining compact size and stable radiation performance.

The proposed antenna is developed for compact and low-
cost 10T applications operating in the 2.4 GHz ISM band. Re-
cent studies have shown that 10T antenna design requires a
trade-off between miniaturization, bandwidth, and radiation
efficiency, with typical efficiency ranging from 70% to 85%
for FR-4 based structures [9], [10]. Based on these considera-
tions, the design specifications are defined as follows. The an-
tenna is centered at 2.4 GHz and is designed to achieve an
absolute impedance bandwidth of approximately 500 MHz
(IS11] <—-10 dB), ensuring full coverage of the 2.4 GHz ISM
band. A minimum realized gain of 2-3 dBi is targeted to sup-
port reliable short-range wireless communication. In addition,
the radiation efficiency is required to be higher than 80%
within the operating band, which is consistent with reported
performance levels of compact loT antennas [9].
Furthermore, the antenna exhibits near-omnidirectional
radiation characteristics, which are desirable for stable
connectivity in practical 10T deployments. The proposed
design achieves a balanced trade-off between performance,
compactness, and implementation cost.

In practical applications, it is suitable for integration into
compact 10T platforms such as smart-card-type devices,
wearable sensors, and embedded wireless modules, where
space constraints and mutual coupling effects are critical
considerations.

2. Design principle of the proposed antenna

This work employs a quarter-wavelength (A/4) Printed
Inverted-F Antenna (PIFA) based on [3]. It comprises a
radiating patch on a PCB, a shorting pin to the ground plane,
and a feed point. As shown in Fig. 1(a), the design occupies
only one quarter of a standard smart card, making it suitable
for compact wireless applications. To improve impedance
matching and extend the bandwidth, an F-shaped parasitic
stub is integrated into the structure, as illustrated in Fig. 1(b).
This element modifies the effective electrical length and
excites additional resonant modes, resulting in enhanced
bandwidth performance. The detailed geometry and
dimensions are presented in Fig. 1(c).

The impact of the parasitic stub geometry on the
reflection coefficient is illustrated in Fig. 2. Variations in T4
and L shift the resonance away from the target frequency of
2.4 GHz. Increasing T4 improves radiation efficiency and gain
(3.57-3.70 dBi), as shown in Fig. 3(a), but suppresses the
secondary resonance, narrowing the impedance bandwidth. In
contrast, decreasing Ta reduces efficiency and gain
significantly, with only a minor effect on the bandwidth.

The parameter L, strongly affects the resonant behavior,
as shown in Fig. 2. An optimal value of 12 mm yields a clear
dual-resonance with good matching and wide impedance
bandwidth. Reducing L, (e.g., 10 mm) shortens the parasitic
branch, ctausing an electrical length mismatch with the main
branch. This shifts the secondary resonance to higher
frequencies and degrades Si1, particularly in the 2.8-3.0 GHz

range. In contrast, increasing L (e.g., 14 mm) shifts it to lower
frequencies, where it merges with the primary resonance
around 2.4 GHz, narrowing the bandwidth. Proper selection
of L is therefore required to maintain distinct dual-resonance
and achieve optimal performance.
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Figure 1: The structure of the proposed antenna: (a) The top view of the PIFA
antenna in [3] (S/Sy = 1/4), (b) Top view of the proposed antenna, and (c)
The antenna with a parasitic stub in detail.

Table 1: Dimension parameters of the proposed antenna.

Para. L., W; T, Ts T¢ D, Dy L T,
Dimension 27 2 45 25 15 6 4 12 14
[mm]

Variation of Ts, which sets the vertical length of the
folded stub, primarily controls the main resonance at 2.4 GHz.
A large value (e.g., 4.5 mm) brings the parasitic stub too close
to the main branch, leading to excessive coupling and current
distortion, which degrade Si1 and reduce radiation efficiency
(=59%), as illustrated in Fig. 3(b). Decreasing Ts improves the
response, with an optimal value of 2.5 mm providing wide
impedance bandwidth, high efficiency (93.7%), and a
maximum realized gain of 3.69 dBi at this frequency.
However, a smaller value (e.g., 1.5 mm) shifts the resonance
to lower frequencies and weakens the coupling required to
sustain the secondary mode, eliminating it and narrowing the
bandwidth.
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The effect of D, on Sy; is shown in Fig. 2(c). AtD; =6
mm, the antenna achieves optimal performance, with a clear
resonance at 2.4 GHz (S11 < —20 dB) and an additional higher-
frequency resonance around 2.6-2.7 GHz, resulting in
bandwidth enhancement. For smaller values (e.g., 4 mm),
strong coupling between the main radiator and the parasitic
stub introduces excessive capacitive interaction, causing
frequency detuning and degraded impedance matching. On
the other hand, increasing D. (e.g., 8 mm) weakens the
coupling, reducing excitation of the parasitic mode and
consequently degrading the matching performance. Therefore,
an appropriate value of D> is required to balance the coupling
strength and maintain a stable dual-resonance characteristic.
(a (b)

T ool 1 i 1
=A
:: - - - - 4
%] | . - 4
— T, =25
S5 Ti=45 ] [ — L,=10 1
-40 T, =65 B 40 | e Ly =12 b
45} i 45+ L,=14 i
05527 26 28 3 07 27 24 26 28 3

Frequency [GHz] Frequency [GHZz]

— D,=4 — T, =15
35 p,=6 | 4 35F T,=25
40l D,=8 ) T, =45
5L .
05524 26 28 3 0

0722 24 26 28 3
Frequency [GHz]

(©) (d)

Figure 2. Effect of dimensional parameters on the reflection coefficient:
(@) T4, (b) L, (c) Dz and (d) Ts.
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Figure 3. Radiation efficiency versus frequency: (a) T, (b) Ts.

Finally, the fine-tuning parameters D3, Ts, and WS,
although not directly controlling the main resonance, affect
the depth and position of the secondary resonance and the
smoothness of the Si1 curve. These elements reduce ripples,
stabilize radiation efficiency, and improve impedance
matching.When properly adjusted together with L, Ts, and
D,, they contribute to overall optimization of the antenna
performance and bandwidth. The optimized values are
summarized in Table 1.

The surface current distributions at 2.2 GHz, 2.4 GHz,
and 2.72 GHz, as shown in Fig. 4, provide a clear physical
interpretation of the dual-resonant mechanism. At 2.2 GHz,

the current distribution follows a similar pattern to that at 2.4
GHz, being mainly concentrated along the main radiating
branch, but with lower intensity and weaker localization
around the feed and shorting pin. This indicates that the
structure is in a pre-resonant state, where the effective
electrical length of the main radiator is not fully satisfied,
resulting in poor impedance matching, as also observed in the
S11 response in Fig. 5. At 2.4 GHz, a strong and well-localized
current distribution appears along the main radiating branch,
particularly near the feed and shorting pin. This confirms that
the main radiator operates as a quarter-wavelength-like
resonant structure, where its effective electrical length is
approximately Li = A/4 at the fundamental resonance. This
mode is directly excited by the feed—shorting configuration
and represents the primary resonant mode of the PIFA. A
higher-order resonance at 2.72 GHz is primarily concentrated
on the F-shaped parasitic stub, indicating the excitation of an
additional resonant path with a shorter effective electrical
length. This parasitic element behaves as a weakly coupled
resonator, which is not directly fed but is excited through
near-field capacitive coupling with the main radiating branch.

From an electromagnetic perspective, the proposed
structure can be interpreted as a coupled dual-resonator
system consisting of the main radiator and the parasitic stub.
The coupling occurs primarily at their junction region and is
controlled by the spacing D, which governs the strength of
capacitive interaction and energy transfer between the two
resonant paths. When D, is properly optimized, sufficient
coupling is achieved to excite the secondary resonant mode
while preserving the integrity of the fundamental resonance.
The first resonant mode is therefore associated with the main
M4 radiator (L), while the second resonant mode is associated
with the parasitic stub (Lz), which introduces an additional
resonant path due to its shorter electrical length. The
parametric results in Fig. 2(b) further confirm this
mechanism, as variations in L directly tune the position of
the higher-frequency resonance. Overall, the combination of
these two weakly coupled resonant modes results in the dual-
resonant Si; response shown in Fig. 5(a), thereby enabling the
observed bandwidth enhancement.

The simulated performance, including Sii, radiation
pattern, efficiency, and gain, is summarized in Fig. 5. The
reflection coefficient in Fig. 5(a) compares the reference
design [3] with the proposed antenna incorporating the F-
shaped parasitic stub. The reference achieves a bandwidth of
240 MHz (2.28-2.52 GHz), whereas the proposed design
extends it to 600 MHz (2.15-2.75 GHz, 24.5%), mainly due
to the introduced coupling that generates two main resonances
at 2.4 GHz and 2.72 GHz. The 3D radiation pattern at 2.4 GHz
(Fig. 5(b)) shows a nearly omnidirectional characteristic,
which is suitable for typical wireless coverage scenarios. The
efficiency and gain responses in Fig. 5(c)—(d) remain
relatively stable across the operating band, with efficiency
above 85% and gain ranging from 1.5 to 3.7 dBi. The peak
gain of 3.69 dBi and maximum efficiency of 93.7% indicate
that the bandwidth enhancement is achieved without
significant degradation in radiation performance.
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Overall, the proposed antenna meets the design
objectives by providing a bandwidth of approximately 600
MHz (exceeding the 500 MHz target), along with moderate
gain (2-3 dBi) and efficiency above 85% across the operating
band. These characteristics, enabled by the two main reso-
nances, make the antenna suitable for loT devices operating
in the 2.4 GHz ISM band, particularly compact battery-pow-
ered wireless sensor nodes used in applications such as envi-
ronmental monitoring, smart home systems, and weara-
ble/fembedded smart modules, where low power consumption
and stable omnidirectional coverage are required.
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Figure 4. Surface current distribution at (a) 2.2 GHz, (b) 2.4 GHz and (c)
2.72 GHz.
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Figure 5. Simulated antenna performance: (a) Si1, (b) Radiation patterns, (c)
Efficiency, and (d) Gain.

3. Measurement results

To validate the simulation results, a prototype of the pro-
posed antenna was manually fabricated on a single-sided cop-
per-clad FR-4 substrate with a thickness of 1 mm. The fabri-
cated antenna was mounted on a smart-card-sized printed cir-
cuit board (53.98 x 85.6 mm2), in which the ground plane was
kept identical to the simulated design. The antenna was ex-
cited through a 50-Q SMA connector soldered directly at the
feeding point. Photographs of the fabricated prototype are
shown in Fig. 5(a) and Fig. 5(b), illustrating the top and bot-
tom views, respectively.
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Figure 6. Fabricated antenna prototype: (a) top view and (b) bottom view.
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Figure 7. Simulated and measured S11.

The simulated and measured reflection coefficients (S11)
of the proposed antenna are presented in Fig. 7. The measured
results, obtained using a Keysight E5071C vector network an-
alyzer, indicate that the antenna maintains a wideband operat-
ing characteristic after fabrication. Specifically, the —10 dB
impedance bandwidth extends from 2.12 to 2.66 GHz, corre-
sponding to an absolute bandwidth of 540 MHz and a frac-
tional bandwidth of approximately 22.6%. In comparison, the
simulated results predict a slightly wider bandwidth of 600
MHz (2.15-2.75 GHz), corresponding to a fractional band-
width of approximately 24.5%. Although a slight reduction is
observed in the measured bandwidth, the antenna still fully
covers the 2.4 GHz ISM band, thereby satisfying the intended
design requirement. Furthermore, as shown in Fig. 7, the
measured results exhibit two distinct resonant modes, con-
firming the multi-resonant operating mechanism of the pro-
posed antenna. A frequency shift is observed compared to the
simulated results, particularly for the second resonance
around 2.5 GHz. This shift reduces the overlap between the
resonances, leading to a slight degradation in the measured
impedance bandwidth.

The discrepancies between simulation and measurement
are mainly attributed to fabrication tolerances introduced dur-
ing manual manufacturing and chemical etching, which affect
the effective electrical lengths of the radiating and parasitic
elements. In addition, the parasitic effects of the SMA con-
nector and the non-ideal dielectric properties of the FR-4 sub-
strate further influence the input impedance characteristics.
Despite these discrepancies, the multi-resonant behavior is
well preserved, and the fabricated antenna still satisfies the
wideband operating requirements over the target frequency
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range. These results demonstrate that the proposed antenna
exhibits good robustness and practical feasibility under real-
istic fabrication conditions.

4. Discussion and conclusion

To evaluate the performance of the proposed antenna, a
comparison with recently reported designs is summarized in
Table 2. The antenna in [11] employs a metamaterial-inspired
PIFA structure combined with a defective ground surface
(DGS), which enhances radiation characteristics; however,
the design introduces additional structural complexity that
may complicate fabrication and integration in compact de-
vices. In [12], an evolutionary optimization method is applied
to pixelated IFA-inspired antennas, enabling flexible geome-
try exploration and potential miniaturization. Nevertheless,
this approach typically incurs high computational cost and de-
sign overhead, limiting its practicality for rapid prototyping.
The antenna presented in [13] achieves high radiation effi-
ciency (up to 98%) using an L-shaped microstrip patch con-
figuration. Despite this advantage, its impedance bandwidth
is relatively narrow (5.8%), which restricts its suitability for
wideband 10T applications in the 2.4 GHz ISM band. In con-
trast, the work in [14] proposes a compact 3D quasi-isotropic
antenna with unique radiation characteristics. However, its
limited bandwidth and moderate gain, along with the reliance
on non-standard fabrication approaches, may pose challenges
for low-cost mass production.

Table 2: A comparison with other studies.

Ref. Band BW Gain Size Efficiency
(GHz) [%] [dBi] (W x L xH) [%]

[mm?]

[11] 2.4 128  4.07 83x153x05 922
(RO4350B)

[12] 2.4 129 51 9x20x0.8 N/A
(Rogers 5880)

[13] 2.4 5.8 2.09 28 x 21 x1.6 98
(Rogers 5880)

[14] 2.4 3.4 1.54 6 x 14 x 20.95 N/A
(PLA)

This 2.4 245  3.69 14x31.1x1 93.7

work (FR-4)

Compared to these designs, the proposed PIFA antenna
offers a well-balanced solution, achieving a wide impedance
bandwidth of 24.5%, a peak radiation efficiency of 93.7%,
and an average efficiency of 85% across the operating band.
It features a compact form factor of 14 x 31.1 x 1 mm? and
employs a straightforward single layer FR-4 substrate, with-
out the need for DGS, fractal elements, or warped geometries.
These advantages simplify the fabrication and integration pro-
cesses, while the measured results further confirm the practi-
cal feasibility of the proposed design for modern IoT and
wearable wireless applications.
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