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Abstract

In this work, the design and experimental validation of passive UHF RFID tag antennas are presented
with the objective of evaluating the impact of chip placement and miniaturization approaches on
tag performance. Four initial antenna layouts were developed by varying the position of the RFID
integrated circuit within a coupling loop. Simulations and measurements confirmed that Antenna 1
achieved the best impedance matching, with a minimum reflection coefficient of —40 dB at 866 MHz
and a power sensitivity of —16.3 dBm. Based on this reference design, a miniaturized version (An-
tenna 5) was obtained by integrating meander lines and capacitive end-loading, reducing the physical
size while maintaining resonance at 866 MHz. Both structures were fabricated and evaluated using a
Voyantic Tagformance measurement system, with read-range measurements performed under free-
space conditions and in proximity to dielectric and metallic materials. The results demonstrated a
maximum read range of 8.6 m for Antenna 1 in free space, while Antenna 5 preserved a read range
of 6.3m. In the presence of copper, Antenna 1 maintained a read range of 3m, whereas Antenna 5
achieved approximately 0.5m, confirming the robustness of the proposed designs in representative
industrial environments.

Keywords: UHF RFID; tag antenna; meandered dipole; chip placement; miniaturization; material
proximity; industrial applications

1. Introduction

Radio Frequency Identification (RFID) has become a key enabling technology in modern informa-
tion and communication systems, supporting a wide spectrum of applications that require efficient,
reliable, and contactless identification. In supply chain management [1], RFID enables real-time trace-
ability and inventory optimization, while in healthcare it enhances patient safety [2-5], pharmaceutical
monitoring [6], and medical equipment tracking [7,8]. In industrial automation, RFID contributes to
intelligent production flows, asset monitoring, and predictive maintenance strategies [9,10]. Moreover,
RFID-based access control systems ensure secure authentication in transportation networks and service
infrastructures [11,12]. Beyond these application-specific contexts, RFID plays a central role in digital
transformation frameworks by enabling robust object identification and seamless data integration
within cyber—physical systems [13,14].

An RFID system typically consists of a reader equipped with a dedicated antenna and a tag
integrating both an antenna and an integrated circuit (IC). Depending on their powering mechanism,
RFID tags are classified as passive, semi-passive, or active. Passive tags operate exclusively by
harvesting energy from the incident electromagnetic field, semi-passive tags incorporate a small battery
to support internal circuitry, and active tags rely on an internal power source for communication and
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sensing functionalities [15]. RFID technology spans several frequency bands, including Low Frequency
(LF, 125-134kHz), High Frequency (HF, 13.56 MHz), and Ultra-High Frequency (UHEF, 860-960 MHz),
which supports long-range identification and high data-rate operation [16]. Among these, the UHF
band has emerged as the dominant choice for large-scale logistics and industrial deployments due
to its extended read range, rapid inventory capability, and compatibility with global supply-chain
standards [17,18].

Despite its widespread adoption, the design of UHF RFID tag antennas continues to face several
unresolved challenges. One of the most critical issues is achieving reliable conjugate impedance
matching between the antenna and the highly capacitive RFID IC, as any mismatch directly degrades
power transfer efficiency and limits the achievable read range [19,20]. In addition, antenna sensitivity
remains a limiting factor, particularly in industrial environments where tags are exposed to diverse
surrounding materials that significantly alter their electromagnetic behavior [21,22]. Proximity to
dielectric or metallic objects often results in resonance detuning, bandwidth reduction, and severe
radiation efficiency degradation [23,24]. Environmental conditions such as humidity, temperature
variations, and mechanical stress further complicate tag operation and impose additional constraints
on long-term reliability and robustness [25,26].

Another major design challenge lies in antenna miniaturization. Compact tag antennas are
highly desirable for integration into modern packaging, wearable platforms, and embedded sensing
systems [27-30]. However, reducing the antenna footprint typically leads to increased losses, narrower
bandwidth, and greater sensitivity to material loading effects [31]. To address these issues, various
miniaturization strategies have been explored, including meander-line geometries, folded dipole
structures, and capacitive loading techniques [32-34]. While these approaches enable size reduction,
they often introduce trade-offs between efficiency, bandwidth, robustness, and manufacturability,
particularly when flexible or unconventional substrates are considered [35].

In this context, the development of flexible UHF RFID tag antennas capable of maintaining
stable performance under material proximity and industrial constraints remains an open research
problem. Substrate selection plays a crucial role in this regard, as unconventional and low-cost
materials may offer advantages in terms of flexibility and sustainability but may also introduce
additional electromagnetic uncertainties. Furthermore, chip placement tolerance and robustness
against environmental loading are rarely addressed jointly in existing studies, despite their practical
relevance for large-scale industrial deployments [36,37].

This paper presents the design of a flexible meandered UHF RFID tag antenna fabricated on an
oiled-paper substrate, with a particular focus on robustness and practical deployment constraints.
An experimental investigation is conducted to evaluate the tolerance of the antenna to variations
in RFID chip placement and to analyze the impact of such variations on impedance matching and
read-range stability. The robustness of the proposed design is further examined under proximity to
industrially relevant materials, including metallic surfaces. The performance of the proposed antenna
is comparatively assessed against state-of-the-art UHF RFID tag antennas in terms of physical size,
operational bandwidth, and achievable read range. In addition, an experimental benchmark against
two commercially available UHF RFID tags is performed under identical free-space and material-
proximity conditions, providing a realistic reference for evaluating read-range degradation trends and
overall robustness in representative industrial scenarios.

The remainder of this paper is organized as follows. Section 2 introduces the theoretical
background and equivalent circuit modeling. Section 3 presents the antenna configurations and
experimental validation. The measured and simulated results are then discussed, followed by
concluding remarks.
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2. Antenna Design and Theoretical Background
2.1. Antenna Geometry and Operating Band

The proposed UHF RFID tag is implemented as a meandered dipole structure on a flexible
oiled-paper substrate (¢, = 3.87, thickness = 0.2 mm), with the radiating element fabricated in copper
(thickness = 0.035mm). The design operates within the UHF RFID band of 865-868 MHz, with a
nominal resonance at 866.6 MHz. The initial layout is derived from a half-wavelength dipole optimized
for the UHF range and is shortened through meander sections to reduce the physical length while
maintaining the required electrical path.

@ Oiled paper substrate
Meandered antenna
@ Monza R3 chip

Figure 1. Proposed meandered UHF RFID tag design.

In this study, four reference configurations were realized, differing only in the placement of the IC
along the dipole loop region, in order to provide a systematic evaluation of chip-location effects on
input impedance and matching.

2.2. Electrical Model of the RFID Tag

The equivalent circuit of an RFID tag is shown in Figure 2. The source V, corresponds to the
open-circuit RF voltage at the antenna terminals. The impedance of the chip reflects both its input
properties and the parasitic elements of the package. Both Z, and Z .y, vary with frequency, and Zy,,
may also depend on the incident power level. For proper operation, the antenna is designed to achieve
conjugate matching with the chip at the minimum activation power.

Antenna Chip
r— 5 A 7

|
|
|
ch

I
I
L e e J et = el

Antenna Chip

Figure 2. Equivalent circuit representation of the RFID tag.
The antenna is modeled by its complex impedance
Za = Ra + an (1)

The chip is represented by
Zchip = Rchip —]J Xchip 2)
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The design objective is to satisfy the conjugate-matching condition at the nominal frequency fy
Za = :hip (3)

which maximizes the power delivered to the chip and represents the standard design criterion in
the development of UHF RFID tags.

2.3. Electrical Modeling of the RFID Chip

The RFID integrated circuit (IC) is a fundamental component in the operation of the UHF tag, as it
defines the conditions for energy transfer from the reader and backscatter data communication. In this
study, the Impinj Monza R3 IC is selected, a widely used chip compliant with EPC Gen2 technology
and recognized for its stable performance. Its input impedance is Zg,;, = 32 — j228 () [38], making
conjugate matching with the antenna impedance essential to maximize power transfer and ensure
reliable tag activation.

Although it belongs to an older generation, the Monza R3 chip remains practical for laboratory
prototyping due to its quad-pad configuration (RF1, RF2, GND, GND), which allows straightforward
manual soldering without specialized equipment. More recent chips, such as the Monza R6, are
significantly smaller and generally require dedicated packaging modules (e.g., from Murata), which
increases fabrication cost. The Monza R3 exhibits a read sensitivity of approximately —15dBm,
compared to about —22 dBm for the Monza R6. Despite this limitation, the experimental results
obtained in this study remain satisfactory.

For accurate impedance matching during antenna design, the chip is represented by an equivalent
circuit implemented in CST Studio Suite. In this work, the chip is modeled using a series configuration,
where the real part is represented by a resistance (R;) and the reactive part by a capacitance (C;). In
the simulation environment, discrete ports define the resistive value in ohms, while lumped elements
represent the capacitive component in farads, as illustrated in Figure 3.

Ant Zchip Ant

Rs Cs
Ant | | Ant

Figure 3. Equivalent circuit configuration of the RFID chip.

This equivalent circuit provides a reliable representation of the chip behavior and its interaction
with the antenna. The resistance and capacitance values are derived directly from the complex chip
impedance and are then used to optimize the matching performance at the resonance frequency f:

Zchip = Rchip —]J Xchip 4)

According to the equivalent series model shown in Figure 2, the chip impedance defined in Eq. (2)
can also be expressed in terms of Rs and C; as

Rs = Rchip (5)

! ®)

Com o
’ 277"f0Xchip
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3. Analysis of the Reference Antenna Configurations
3.1. Description of Antenna Configurations

As illustrated in Figure 4, four configurations of the Monza R3 IC placement on the meandered
dipole tag were investigated. In Configuration 1, the IC is mounted at the central position of the loop,
aligned with the lower edge of the structure. In Configuration 2, the IC is placed at the upper edge of
the loop with a vertical offset of W;. In Configuration 3, the loop is separated from the dipole arms by
a gap of 2 = 1 mm, and the IC is positioned on the inner side of the loop.

In Configuration 4, the loop antenna gap is extended to b = 3mm, and the IC is located at
the upper part of the loop. In Configurations 1 and 2, the IC is directly connected to the loop,
whereas Configurations 3 and 4 introduce a controlled separation between the coupling loop and
the radiating arms. This approach enables a comparative evaluation between direct mounting and
loop-gap integration.

(a) Configuration 1 (b) Configuration 2

BRI RERSETRE

(c) Configuration 3 (d) Configuration 4

== NEE

Figure 4. Different design layouts of the meandered UHF RFID tag (Configurations 1-4).

Modifying the IC position within the tag structure is not merely a geometrical displacement. Each
configuration required specific adjustments to the antenna dimensions (length and width) in order to
preserve impedance matching. This fine-tuning ensured that all variants operate within the European
UHEF RFID band, maintaining resonance at fy = 866.6 MHz.

3.2. Simulation and Measurement Setup

The four antenna configurations were modeled in CST Studio Suite and optimized to resonate at
fo = 866.6 MHz. Figure 5 presents the simulated reflection coefficients (S11) for the different structures.
Small frequency shifts are observed due to variations in the IC location, which directly influence the
impedance matching between the antenna and the chip. The geometrical parameters were iteratively
refined to ensure that all structures resonate within the designated frequency band.

Antennas 1 and 2 exhibit excellent impedance matching, with minimum return-loss values of
approximately —40dB and —45 dB, respectively. These results confirm the effectiveness of directly
mounting the RFID IC within the coupling loop, enabling strong conjugate interaction at resonance.
Antenna 3 presents a moderate response, with a return-loss minimum around —20dB, indicating
reduced matching efficiency but still acceptable performance. Antenna 4 represents the least efficient
configuration, with a minimum near —17 dB. Although this value remains below the conventional
—10 dB matching threshold, the adaptation is significantly weaker compared to the first two configu-
rations. The progressive degradation observed from Antennas 1-2 to Antennas 3—4 results from the
increased separation between the coupling loop and radiating arms (2 = 1 mm and b = 3 mm), which
weakens the electromagnetic coupling.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 5. Return-loss characteristics of Antennas 1-4 in the UHF band.

3.3. Power Sensitivity Evaluation

Experimental Setup:

While reflection coefficients provide an initial indication of impedance matching quality, the
practical performance of UHF RFID tags must also be evaluated in terms of the minimum power
required to activate the IC, commonly referred to as power sensitivity. This parameter was measured
using an M6E evaluation board equipped with an RF front-end and connected via a coaxial cable to a
reader antenna. The board was interfaced with a computer that controlled the measurement procedure
and recorded the data.

During testing, the fabricated tag antennas were positioned approximately 1 m from the reader
antenna. The system recorded the minimum transmitted power at which each tag was successfully
energized, providing a direct measure of power sensitivity, as shown in Figure 6.

Impact of IC Placement on Tag Sensitivity:

The power sensitivity measurements provide a clear comparison among the four configurations.
Antenna 1 exhibited the lowest required input power, with a minimum of —16.3 dBm at 866 MHz,
confirming the advantage of placing the IC directly within the coupling loop to ensure strong con-
jugate impedance interaction. Antenna 2 showed nearly identical performance, with a minimum of
—16.2dBm. Antenna 3 required approximately —15.2 dBm, indicating reduced sensitivity due to par-
tial decoupling caused by the increased loop offset. Antenna 4 demonstrated the weakest performance,
with a minimum of —14.7 dBm, corresponding to a noticeable degradation in power transfer efficiency.

These results demonstrate that IC placement within the radiating structure not only affects the
reflection characteristics but also directly influences tag sensitivity and the practical read range. The
spatial relationship between the coupling loop and the antenna arms governs the impedance transfor-
mation efficiency, determining how effectively the IC can be energized under low-power conditions.
Therefore, precise IC positioning is a critical design parameter in UHF RFID tag optimization.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Designed Tag: Ant 1

Computer

Figure 6. Experimental setup for sensitivity measurement of the designed RFID tags.
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Figure 7. Power sensitivity of the four RFID tag antenna configurations.

4. Miniaturized Antenna Design and Robustness Evaluation
4.1. Miniaturized Antenna: Antenna 5

Based on the comparative analysis of the four reference configurations, Antenna 1 was identified
as the most efficient structure and selected as the reference model for miniaturization. In this stage,
additional meandered sections were introduced into the radiating arms in order to reduce the physical
size while preserving the effective electrical length.

The incorporation of these folded lines initially shifted the resonance toward higher frequen-
cies due to modifications in the current distribution. This shift was compensated through iterative
adjustments of the meander lengths and trace widths, restoring resonance at 866 MHz.

To further enhance impedance matching, a capacitive end-loading was implemented at the extrem-
ities of the structure. This technique improves reactive compensation and facilitates conjugate matching
between the antenna input impedance and the RFID chip while maintaining compact dimensions.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Miniaturized structure: Antenna 5
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Figure 8. Design parameters of Antenna 1 and the miniaturized Antenna 5.

The optimized geometric parameters of the miniaturized antenna (Antenna 5) are summarized
in Table 1. These values correspond to the final configuration obtained after integrating the me-
andered sections and capacitive end-loading, ensuring resonance at 866 MHz within the European
UHF RFID band.

Table 1. Optimized design parameters of the meandered dipole antenna (Antenna 5).

Description Parameter Value (mm)
Antenna length L 68.9
Antenna width W 12.5
Loop length Ly 11.0
Loop width Wi 5.0
Meandering length Ly 415
Capacitive loading length L. 3.2
Trace width Wy 0.58
Substrate thickness - 0.2
Copper thickness - 0.035

4.2. Material Proximity Effects

Measurement Setup Using Voyantic Tagformance:

The performance of the fabricated tags was evaluated using the Voyantic Tagformance measure-
ment system, a widely adopted platform for RFID characterization. The setup consists of a calibrated
reader antenna and a controlled measurement station that excites the tag under test. The reader
antenna was positioned at a fixed distance of 30 cm from the fabricated tag. A low-loss spacer (¢, ~ 1)
was used to maintain quasi-free-space conditions.

The Tagformance software enables accurate extraction of key parameters, including transmit-
ted power, backscattered power, radar cross section (RCS), theoretical read range, and orientation
sensitivity across the UHF RFID band.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 9. Measurement setup for the UHF RFID antenna in proximity to test materials.

Read Range Evaluation of Antenna 1:

The objective of this experiment was to evaluate tag performance in proximity to different
materials representative of practical industrial environments. Figure 11 presents the measured forward
read range of Antenna 1 under various loading conditions.

In the reference configuration, the antenna was placed on a polystyrene support at a fixed distance
of 30 cm from the reader antenna. Under these quasi-free-space conditions, Antenna 1 achieved a
maximum read range of approximately 8.6 m at 866 MHz.

When a wooden plate (20 x 20 cm?) with a thickness of 9mm was placed above the tag, the read
range decreased to approximately 5 m. Increasing the wood thickness to 15 mm further reduced the
read range to about 4 m.

For metallic loading, a copper sheet was introduced. To prevent electrical short-circuiting, a 5 mm
polystyrene spacer was inserted between the tag and the metallic surface, as illustrated in Figure 10.

Polystyrene spacer 5mm

Metal plate

Figure 10. Experimental setup for RFID antenna measurement with spacer and material plate.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Under metallic proximity, the antenna performance degraded further, with the read range limited
to approximately 3 m. Increasing the copper thickness to 0.5 mm produced a similar effect, maintaining
a read range close to 3m at 866 MHz.

Ant 1
10'_ Ant 1 (9mm wood)
9 Ant 1 (15mm wood)
------- Ant 1 (thin copper)

—— Ant 1 (0,5mm copper)

Theorical Read Range Forward (m)

0

T T M T T T T T T T T T T T T T T T T 1
800 820 840 860 880 900 920 940 960 980 1000
Frequency [MHz]

Figure 11. Theoretical read range of Antenna 1 under different material loading conditions.

Read Range Evaluation of Antenna 5:

For the miniaturized structure (Antenna 5), a noticeable reduction in performance was observed
compared to Antenna 1. Under free-space conditions, the maximum forward read range reached
approximately 6.3 m at 866 MHz.

When loaded with a 9 mm wooden plate, the read range decreased significantly to about 1.6 m
and further dropped to approximately 1.3 m with a 15 mm wooden plate.

In the presence of copper layers, regardless of thickness (thin sheet or 0.5 mm), the read range
was severely limited, stabilizing around 0.5 m.

107 Ant 5
94 Ant 5 (9mm wood)
1 Ant 5 (15mm wood)
8

Ant 5 (thin copper)
....... Ant 5 (0,5mm copper)

Theorical Read Range Forward (m)

T T T T T T T T T 1
800 820 840 860 880 900 920 940 960 980 1000
Frequency [MHz]

Figure 12. Theoretical read range of Antenna 5 under different material loading conditions.
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Normalized Radiation Patterns:

Figure 13 presents the normalized radiation patterns (in dB) of the two most efficient structures:
Antenna 1 and its miniaturized version, Antenna 5. Despite the dimensional reduction and the decrease
in free-space read range, both antennas preserve a similar angular distribution, characterized by a
bidirectional pattern with main lobes oriented at 0° and 180°.

This result indicates that the miniaturization process did not significantly alter the fundamental
radiation characteristics of the dipole-based structure, thereby maintaining acceptable orientation
stability and spatial coverage.

0°

- Antenna 1
== Antenna 5

90°

180°

Figure 13. Normalized radiation patterns of Antenna 1 and Antenna 5.

4.3. Commercial Tag Benchmark

To contextualize the material-proximity results obtained for the proposed antennas, additional
measurements were conducted on two commercially available UHF RFID tags used as practical
benchmarks. This comparison provides a reference level of read-range degradation under dielectric
and conductive loading conditions.

Figure 14 presents the measured read range versus frequency for two commercial UHF RFID tags
under three conditions: free space, wood proximity, and copper proximity.

The first benchmark, a commercial tag equipped with an NXP UCODE 8 integrated circuit,
exhibits a maximum read range of approximately 6.5m at 866.6 MHz under free-space conditions.
When a wooden slab is placed in direct proximity, the read range decreases to about 5m, corresponding
to a reduction of nearly 23%. In the presence of copper, a more significant degradation is observed,
with the read range reduced to approximately 2.5 m, representing a reduction exceeding 60% relative
to free space.

The second benchmark, a ThinPropeller 2006 commercial tag equipped with an Alien Higgs-2
IC, achieves a free-space read range of approximately 7.2m at 866.6 MHz. Under wood proximity,
the read range decreases to about 5.5 m. In the presence of copper, a pronounced degradation occurs,
limiting the maximum read range to approximately 1.9 m.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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These results highlight the strong sensitivity of commercially available RFID tags to nearby mate-
rials, particularly conductive objects, despite being optimized for logistics and tracking applications.

—— NXP UCODE 8 (free space)
—— NXP UCODE 8 (9 mm wood)
—— NXP UCODE 8 (15 mm wood) 104 —— Alien Higgs-2 (free space)
104 —— NXP UCODE 8 (thin copper) o] —Al?en H?ggs—Z (9 mm wood)
——— NXP UCODE 8 (0.5 mm copper) —— Alien Higgs-2 (15 mm wood)

8 —— Alien Higgs-2 (thin copper)
—— Alien Higgs-2 (0.5 mm copper)

Theorical Read Range Forward (m)
Theorical Read Range Forward (m)
@

T T T d T T T d
800 850 900 950 1000 800 850 900 950 1000
Frequency [MHz] Frequency [MHZz]

Figure 14. Measured read range versus frequency for two commercially available UHF RFID tags under free-space
conditions and in proximity to wood and copper. Left: Commercial tag B (NXP UCODE 8). Right: Commercial
tag A (ThinPropeller 2006, Alien Higgs-2).

Table 2 summarizes the measured read range values and the corresponding degradation induced
by wood and copper proximity for the proposed antennas and the commercial benchmarks, under
identical experimental conditions at 866.6 MHz.

Table 2. Comparative read range performance of the proposed tag antennas and commercially available RFID
tags under different material proximity conditions at 866.6 MHz.

Tag / Antenna IC Free-space Wood Copper Degradation
(m) (m) (m) Wood /

Copper (%)

Antenna 1 Impinj

(proposed) Monza R3 8.6 45 3.0 47.7 / 65.1

Antenna 5 Impin;j

(proposed) Monza R3 6.3 1.45 0.5 77.0 / 92.1

Commercial . .

tag A Alien Higgs-2 7.2 5.5 1.9 23.6 / 73.6

Commercial NXP

tag B UCODE 8 6.5 5.0 25 23.1/615

Note: Wood values for Antennas 1 and 5 correspond to average measurements within the reported intervals. Degradation
percentages are calculated with respect to the free-space read range.

Discussion:

The material-proximity measurements were conducted to emulate realistic deployment scenarios
and to evaluate the robustness of the proposed tag antennas under dielectric and conductive loading
conditions. In free-space operation at 866 MHz, Antenna 1 achieves a read range of 8.6 m, comparable
to the selected commercial benchmarks (7.2m for the ThinPropeller 2006 with Alien Higgs-2 IC and
6.5m for the UCODE 8-based tag).

Under wood loading, all tags exhibit moderate degradation, which is consistent with dielectric
loading effects. The presence of a dielectric layer modifies the effective permittivity surrounding the
antenna, perturbs its electrical length, and alters the antenna—IC conjugate matching condition. As a
result, the available power transferred to the chip decreases, leading to a reduced read range.

A significantly stronger degradation is observed under copper proximity. Conductive loading
introduces severe detuning and reduces radiation efficiency due to induced surface currents and
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near-field confinement. These effects increase mismatch losses and raise the minimum activation
threshold of the chip. In this critical scenario, Antenna 1 maintains a read range of approximately 3 m,
which is comparable to the UCODE 8 benchmark (about 2.5 m) and higher than the ThinPropeller 2006
benchmark (about 1.9 m). This confirms that the proposed reference structure remains operational and
competitive under conductive loading conditions.

In contrast, Antenna 5, although compact and well matched in free space, exhibits substantially
higher sensitivity to nearby materials, reaching approximately 0.5m under copper loading. This
behavior reflects the inherent trade-off between miniaturization and environmental robustness. The
stronger current confinement and increased quality factor associated with aggressive size reduction
amplify detuning effects in the presence of external materials.

Beyond read-range analysis, the normalized radiation patterns demonstrate that the miniaturiza-
tion process preserved the bidirectional angular distribution of the reference design. This characteristic
remains advantageous for orientation robustness in practical tracking applications.

5. Conclusions

In this work, several UHF RFID tag antenna configurations were designed and experimentally
evaluated, all derived from a common reference layout. Four initial structures were investigated by
varying the IC placement within the coupling loop, demonstrating that chip positioning critically
influences impedance matching, power sensitivity, and overall activation performance. Among the
evaluated configurations, Antenna 1 exhibited the best performance, achieving a measured power
sensitivity of —16.3 dBm at 866 MHz and a maximum read range of 8.6 m. This structure was selected as
the baseline for miniaturization, leading to the development of Antenna 5. Despite its reduced physical
dimensions, Antenna 5 maintained acceptable free-space performance, with a read range of 6.3 m and
preserved bidirectional radiation characteristics. Material proximity tests under dielectric (wood) and
conductive (copper) loading confirmed that the reference design maintains competitive robustness
compared to commercially available RFID tags. The miniaturized version, while compact, exhibits
increased sensitivity to conductive environments, highlighting the trade-off between size reduction
and environmental stability. The comparative benchmark with commercial tags demonstrates that the
proposed reference antenna achieves performance levels comparable to practical market solutions,
particularly under conductive loading conditions. Overall, the results validate the effectiveness of IC-
position optimization and controlled miniaturization in UHF RFID tag design, while clearly identifying
the associated robustness limitations in aggressive compact configurations.
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