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Abstract

The purpose of this research is to determine which factors contribute to extending the read
range of transponders equipped with different coupling-circuit topologies operating within
selected RFID frequency bands. The analysis covered transponders that varied in both the
configuration of their coupling circuits and their geometric dimensions. To accomplish
this, transponder models were created using the EMCoS Studio electromagnetic simulation
environment. Each model was subjected to simulations that yielded the mutual inductance
and the voltage induced at the chip terminals. This study examines how the impedance of
the embroidered antenna, the impedance of the chip’s coupling circuit, and the magnetic
flux density affect the resulting chip voltage. In several of the investigated configurations,
the peak chip voltage appeared outside the frequency range normally associated with RFID
systems. The frequency at which this maximum occurred was dependent on the mutual
inductance value. Understanding how individual parameters influence mutual inductance
makes it possible to shift the voltage peak into a target operating band. Numerical simula-
tion results, combined with the transponder’s mathematical model, enabled the calculation
of the mutual inductance and the terminal voltage—quantities that directly determine the
achievable read range. This study focuses on factors such as the resonant frequencies of
the antenna and coupling circuit, their impedances, and the characteristics of the magnetic
field. The findings show that tuning these parameters can affect not only the location of the
voltage maximum, but also its amplitude. This effect introduces additional complexity in
designing and selecting suitable transponder configurations.

Keywords: RFID transponder; smart textiles; smart fabrics; wearable devices; textile
antennas; wearables; e-textiles; RFIDtex tag

1. Introduction
1.1. Textronic UHF RFID Transponders

One of the directions in the development of Internet of Things (IoT) systems is smart
textiles, including garments—both everyday and specialized—for patients, uniformed
services, protective applications, sports, as well as for animals [1]. Within this trend, textile
RFID tags are being developed [2].

There are various proposed applications of RFID technology in smart clothing. Exam-
ples include human positioning and localization [3-5], as well as medical applications [6-8],
such as monitoring the ability of individuals with dementia to dress independently [9].
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RFID technology can serve as an interface for energy transfer and data exchange;
however, textile RFID tags can also function as sensors, for example, for strain [10,11],
humidity [12], temperature [13], or as devices for respiration monitoring [14-16].

Textile RFID tags are also considered a potential solution to the problem of automating
the sorting of textile products for recycling, which is currently performed manually based
on visual inspection of waste; thus, enabling its acceleration and cost reduction [17].

Among the solutions for textile RFID tags proposed in the literature, a variety of
structures, materials, and fabrication methods can be found. Antennas for textile RFID
tags are often embroidered [18-22], including using conductive silver-coated polyamide
fibers, multifilament yarn spun from Liquid Crystal Polymers [23], or silver-plated nylon
yarns [24,25].

The embroidery process itself is also a subject of investigation in the context of RFID
antenna fabrication [26,27]. Antennas can also be hand-sewn, as demonstrated in [28],
where an RFID tag antenna was fabricated on cotton using a local stitching technique with
conductive threads containing stainless steel fibers.

Additionally, an RFID tag with a knitted antenna has been developed [29].

RFID tags with antennas made of conductive fabrics are also popular [10,30-33],
for example using nickel [34], silver-plated materials [35], carbon fibers [36], or PET-based
fabrics with a nickel-copper coating [37]. Such antennas are typically integrated with
garments by adhesive bonding or heat pressing into the fabric.

Another method is printing [38-42], including the use of graphene-based inks [13,43].
Researchers are also exploring alternative approaches for employing graphene-based mate-
rials in the fabrication of textile RFID tags, such as conductive pastes with biopolymers [44]
and graphene assembly films [45,46]. The laser-induced graphene (LIG) technique is also
utilized [47-50].

Examples of the use of photolithography can also be found [50].

Proposed solutions for textile RFID tags include various types of antennas, such
as dipole [21,50], meandered [20], slot [18,51], helical [22,52], inverted-F [53], patch [54],
octagonal [55], as well as unconventional designs, including letter-shaped [56] and Mickey
Mouse head-shaped antennas [28].

A particular challenge in textile RFID tags is the connection between the antenna
and the chip, which in conventional designs is typically achieved by adhesive bonding or
soldering. The resulting connection is rigid and therefore susceptible to damage due to
mechanical stresses occurring during the use and maintenance of garments [24].

Moreover, the high temperatures involved in soldering may damage textiles with low
thermal resistance, for which alternative soldering methods that do not require high heat
input must be employed [57]. Soldering is also not applicable in the case of silver-plated
conductive threads [58].

A commonly used approach in textile RFID tags is to connect the antenna and the
chip using conductive epoxy adhesives [19,21,31,32,59]. Conductive threads [20,29,60]
and snap fasteners, which allow the electronic component to be detached during wash-
ing [61], are also used. Fabricating the antenna from conductive textiles enables direct
placement of the chip pads onto the material [34]. Chipless textile RFID tags are also being
developed [23,33,55,62].

Moreover, ongoing research aims to develop autonomous, energy-efficient wireless
sensor nodes [63]. Such solutions can be implemented using RFID technology [64].

This paper presents textile RFID tags in which the antenna and the chip are coupled
inductively rather than galvanically. In this type of design, a dedicated coupling structure
is used to transfer energy between the antenna and the integrated circuit. In [11], such
a solution was used to enable the measurement of strain and displacement, which affect
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the inductive coupling between the antenna and the chip. The chip coupling structure
was embroidered in a manner similar to the antenna, which means that the challenges
associated with connecting the chip to textile materials still remain.

In the textronic RFID tags considered in this paper, this type of design is employed to
eliminate this issue and facilitate manufacturing [65]. The chip and its coupling structure,
forming a microelectronic module, are placed on a separate component in the form of a
conventional garment element, such as a button or a buckle. It is delivered to a clothing
factory or tailoring workshop as a ready-made component that can be sewn onto the
garment or attached using other commonly applied tailoring methods, thus eliminating the
need to introduce new production techniques. Similarly, the antenna can be embroidered
using conductive threads by the same personnel with the equipment already available
to them.

1.2. The Aim of This Research

The main objective of this study is to investigate methods for controlling the frequency
position of the chip voltage maximum along the frequency axis. A textronic RFID tag
should be designed to achieve satisfactory read ranges at the frequencies used by the RFID
system in which it operates.

In previous studies [66], various types of coupling structures and antenna geometries
were proposed. It was observed that, for some of them, the obtained maximum read range
values occurred in frequency ranges not used in these systems. Therefore, it is reasonable to
investigate whether design modifications can be introduced to shift the maximum toward
desired frequencies.

An appropriate technique for this purpose appears to be extending or shortening
the antenna arms. Changing the radiator length results in a modification of the antenna
module impedance due to a shift in the resonance frequency, as well as a change in the
amount of conductive thread used. Shortening the antenna leads to a lower resistance of
the antenna module.

According to the mathematical model of the textronic RFID tag [67], the inductive
coupling between the antenna and the chip can be described by the mutual inductance
reactance X, as follows:

Xm = \/(ZTA —Zcm)Za 1)

where Zcp is impedance of chip coupling circuit, Z14 is impedance of transponder antenna
and Z 4 is antenna module impedance. The term antenna module refers to the physically
implemented antenna together with its coupling structure. In contrast, the transponder
antenna is defined as the inductively coupled system consisting of the antenna module and
the chip coupling structure.

While the voltage generated at the chip terminals is given by

UajXmZtc
Za(Zem + Zre) + X3y

()

Urc = IcmZtc =

where I is microelectronic module current, Zt¢ is chip impedance and U4 is antenna
module voltage. A higher chip voltage translates into a greater read range of the RFID tag.
The impedance of the antenna module consists of the resistance R 4 and the reactance X 4:

Za=Ra+jXy (3)

According to Equation (2), a decrease in the antenna module resistance R 4 should
result in an increase in the chip voltage, since the antenna module impedance Z 4 appears
in the denominator.
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However, according to Equation (1), its value also affects the quality of the inductive
coupling between the antenna and the chip, represented by the mutual inductance reac-
tance X, which appears in the numerator and is also squared in the denominator of the
Equation (2).

Introducing a different conductor geometry also influences the magnetic field gener-
ated by the antenna, including its intensity and the distribution of magnetic flux density.

Therefore, it can be expected that changing the radiator length, in addition to the
anticipated shift of the maximum along the frequency axis, will also result in either a
decrease or an increase in the chip voltage, and consequently in the read range.

The study consisted of comparing the mutual inductance reactance and the chip
voltage, calculated using Equations (1) and (2), before and after modifying the antenna
radiator length in the tags. The impedances of the antenna module, the chip coupling
structure, and the tag antenna were obtained through numerical calculations.

The analysis of the obtained values, as well as the impedances of the antenna modules
and the chip coupling structures, made it possible to identify some of the factors influencing
the occurrence of the chip voltage maximum and to determine how its position can be
modified through changes in the geometry of individual tag components. A simultaneous
effect on the value of the chip voltage was also observed.

The results are presented according to the type of coupling structure used in the
analyzed designs. First, models containing only the chip coupling structure are discussed.

The second group consists of designs with a planar antenna—chip coupling structure,
in which the microelectronic module is placed directly onto the embroidered conductive
thread, forming a single plane with the textile substrate.

Next, the antenna coupling structure is implemented as a thread wrapping around the
traces of the chip coupling circuit.

The final type includes models with a core, on which both the chip and antenna
coupling structures are implemented in the form of wound coils.

This paper is organized as follows: Section 1 (Introduction) provides an overview of
textile RFID tags and outlines the research objectives. Section 2 (Materials and Methods)
describes the software tools used and the developed numerical model of the textronic RFID
tag. Section 3 (Results) presents an analysis of the obtained results. The paper concludes
with the Discussion Section 4, which summarizes the findings and outlines future directions
for research, development, and applications of textronic RFID tags.

2. Materials and Methods

The models of the textronic RFID tags were designed (Figure 1) and simulated in
EMCoS Studio based on previously developed designs [65].

Numerical calculations were used to obtain the impedance values of the antenna
module, the tag antenna, and the chip coupling structure, which were required, according
to Equations (1) and (2), to calculate the mutual inductance reactance and the chip voltage
in MATLAB, assuming, in accordance with the mathematical model of the textronic RFID
tag, the simplification that only the impedances of the tag’s components are taken into
account [67].

MATLAB R2023a and Python 3.8.10 scripts (using the Pandas 1.4.2 and Matplotlib 3.5.2
libraries) prepared in the Spyder environment were used for the graphical presentation of
the results.

All models shared the same set of parameters. A textile substrate composed of 82%
polyester and 18% spandex, with a thickness of 0.66 mm, suitable for T-shirt manufacturing,
was assumed in the simulations. Its relative permittivity was set to 1.53 and dielectric loss to
0.0051, in accordance with laboratory measurements performed on a real material sample.
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(b)

(o) (d)

Figure 1. (a) Model of a textronic UHF RFID transponder in EMCoS Studio; (b) antenna coupling
structure; (c) chip coupling structure; (d) antenna—chip coupling structure.

Above the textile substrate layer, a material with a dielectric constant of 2.855, a dielec-
tric loss of 0.11, and a thickness of 0.152 mm was placed, serving as the substrate for the
chip coupling circuit traces. Between this layer and the textile substrate, air region with a
height of 0.256 mm was assumed (Figure 2).

substrate for chip coupling circuit traces — 0.152 mm

air — 0.256 mm

Figure 2. Construction of model.

The antenna module, in turn, was implemented using a conductor with the properties
of the Rupalit PACKLitzZWire 10 x 0.04 mm, 2 x 52 conductive thread, which features
silk insulation. The conductor had a circular cross-section with a diameter of 0.093 mm
(Figure 3). The insulation thickness was 0.035 mm, and its relative dielectric constant was 3.

Figure 3. Conductive thread.
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The authors used ChatGPT-5.3 (OpenAl) to assist in translating selected parts of the
manuscript from Polish into English. The Al tool was used solely for linguistic support
and did not contribute to the scientific content, analysis, or interpretation of the results. All
translated text was carefully reviewed and validated by the authors.

A transcript of the interaction used for translation purposes is available upon request.

3. Results
3.1. Transponders Without Antenna Coupling Circuit

First, a textronic RFID tag with the simplest antenna module geometry was considered,
namely a linear antenna without a coupling structure. The same antenna module was
then combined with square chip coupling structures with side lengths of 5.7 mm, 11.2 mm,
15.8 mm, 20.0 mm, 30.0 mm, 40.0 mm, and 50.0 mm. The structure of the tag is shown in
Figure 4.

Figure 4. Textronic UHF RFID transponder without antenna coupling circuit and with square chip
coupling circuit.

Two antennas were used, with lengths of 16 cm and 13 c¢m, respectively. Their
impedances were calculated numerically; Figure 5 shows the real part R4 (the imaginary
part is omitted for clarity).

16 cm

500

600

700

| | 0 | | | |
800 900 1000 1100 1200 500 600 700 800 900 1000 1100 1200
f,Hz f, Hz

(a) (b)

Figure 5. Resistance of antenna modules without a coupling structure, with radiator lengths of
(a) 16 cm and (b) 13 cm.

Based on the numerical calculations of the impedances of the antenna module, the chip
coupling structure, and the tag antenna, the mutual inductance reactance and the chip
voltage were determined for each tag (Figure 6).

Shortening the antenna generally resulted in a decrease in the chip voltage, including
at 866 MHz. However, an improvement was observed for frequencies above 900 MHz.
In most cases, the highest values achieved by the tags still occur at the same frequencies.
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Figure 6. (a,c) Mutual inductance reactance; (b,d) chip voltage for textronic RFID tags without an
antenna coupling structure, with square chip coupling structures and a dipole antenna of 16 cm
length (upper row) and after shortening to 13 cm (lower row).

For coupling structures with a side length equal to or greater than 15.8 mm, maxima
of the mutual inductance reactance appear. When the radiator length is changed, these
maxima assume different values but retain their positions along the frequency axis. This
behavior is determined by the resonance phenomenon occurring in the chip coupling
circuit. The frequencies at which global or local maxima of the mutual inductance reactance
occur correspond to those at which the resistance of the chip coupling structure (for a given
side length) reaches its maximum (Figure 7).

A slight increase in the mutual inductance reactance with increasing frequency for
chip coupling structures with side lengths of 5.7 mm and 11.2 mm can be explained by a
similar dependence observed for both their resistance (Figure 8) and the resistance of the
antenna module (Figure 5).

The same procedure was carried out for both antennas, this time using rectangular
chip coupling structures (Figure 9).

The obtained values of the mutual inductance reactance and the chip voltage, be-
fore and after antenna shortening, are presented in Figure 10.

In this case, extrema of the mutual inductance reactance appear for microelectronic
modules with larger dimensions of the longer side, since the shorter side is fixed at 5.7 mm.
Consequently, the perimeter of the rectangular chip coupling structures is smaller than that
of square ones with the same side length. For this reason, the maximum of their resistance
falls within the considered frequency range only for structures with a longer side of 30 mm
(Figure 11), while for smaller ones it lies outside this range (Figure 12).
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Figure 7. Resistance of square chip coupling circuits with different side lengths: (a) 15.8 mm;
(b) 20.0 mm; (c) 30.0 mm; (d) 40.0 mm; (e) 50.0 mm.

https://doi.org/10.3390/ electronics15091897


https://doi.org/10.3390/electronics15091897

Electronics 2026, 15, 1897 9 of 29

0 ! ‘ ! : ! ‘ 0 I l I | | ‘
500 600 700 800 900 1000 1100 1200 500 600 700 800 900 1000 1100 1200
f, Hz f,Hz

(a) (b)

Figure 8. Resistance of square chip coupling circuits with different side lengths: (a) 5.7 mm;
(b) 11.2 mm.

Figure 9. Textronic UHF RFID transponder without antenna coupling circuit and with rectangular
chip coupling circuit.
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Figure 10. (a,c) Mutual inductance reactance; (b,d) chip voltage for a textronic RFID tag without an
antenna coupling structure, with rectangular chip coupling structures and a dipole antenna of 16 cm
length (upper row) and after shortening to 13 cm (lower row).
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For structures with side lengths of 15.8 mm and 20.0 mm, a simultaneous increase in
both the mutual inductance reactance and the resistance of the chip coupling circuit can
be observed.
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Figure 11. Resistance of rectangular chip coupling circuits with a shorter side of 5.7 mm and a longer
side of (a) 30.0 mm, (b) 40.0 mm, or (c) 50.0 mm.

For some modules, antenna shortening resulted in a decrease in the chip voltage,
while for others it led to an increase, along with a change in the shape of the characteristics.
For the module with a side length of 30.0 mm, the maximum of the mutual inductance
reactance, resulting from the resonance phenomenon occurring within it, decreased in
magnitude, which enabled a significantly higher chip voltage to be achieved.

A substantial increase was also observed for the 11.2 mm structure, although its mutual
inductance reactance increased only slightly. At the same time, a shift of the maximum
toward higher frequencies was observed.

Thus, it is possible to manipulate the position of an extremum by changing the
radiator length, provided that its existence is not determined by resonance in the chip
coupling circuit. By shortening or extending the antenna, it is instead possible to influence
its magnitude.
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Figure 12. Resistance of rectangular chip coupling circuits with a shorter side of 5.7 mm and a longer
side of (a) 5.7 mm, (b) 11.2 mm, (c) 15.8 mm, or (d) 20.0 mm.

This implies that, by appropriately designing the geometry of the chip coupling
structure, the occurrence of the chip voltage maximum at a desired frequency can be
enforced, while the antenna length can be used to increase its value without causing a shift
along the frequency axis.

3.2. Transponders with Planar Chips and Antenna Coupling Circuits
3.2.1. Squared-Shaped Coupling Circuit

In the next stage of the study, the lengths of the antenna arms were modified for tags
incorporating a planar antenna coupling structure in the form of a embroidered square
matched to the previously used chip coupling structures (Figure 13).

As a result, each tag had its own antenna module in which, in addition to the radiator
arms, an open square (i.e., a square with one side removed) with dimensions corresponding
to a given chip coupling structure was included.

As before, the mutual inductance reactance and the chip voltage were calculated for
tags with both longer and shorter antenna arms (Figure 14).

Despite the use of a different type of coupling structure, it can be observed that some
of maxima of the mutual inductance reactance occur at the same frequencies as for tags
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Figure 13. (a) Textronic RFID tag with a square planar coupling structure; (b) its antenna module

with linear arms and square coupling circuit.
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Figure 14. (a,c) Mutual inductance reactance; (b,d) chip voltage for a textronic RFID tag with a square
planar antenna—chip coupling structure, before radiator length modification (upper row) and after
modification (lower row).

In this case, due to the different sizes of the antenna coupling structures, the length of
the antenna module also changes; therefore, differences between the tags are additionally
influenced by the antenna resistance R 4. For coupling structure side lengths of 30.0 mm,
40.0 mm, and 50.0 mm, the resistance maximum falls within the investigated frequency
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range (Figure 15 left column). This is reflected in the occurrence of maxima at the same
frequencies or in an increase in the mutual inductance reactance (for 30 mm).

The values also increase for 5.7 mm, 11.2 mm, and 15.8 mm within the 1100-1200 MHz
range (Figure 16 left column), which was not observed for tags without a coupling structure.
This effect results from the increase in the antenna module resistance with frequency.
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Figure 15. Resistance of antenna modules before (left column (a,c,e)) and after (right column (b,d,f))
radiator length modification, with square coupling structures of different side lengths.

https://doi.org/10.3390/ electronics15091897


https://doi.org/10.3390/electronics15091897

Electronics 2026, 15, 1897 14 of 29

After modifying the radiator length, the resistance of the antenna module changed
(Figures 15 and 16, right column). For smaller antenna coupling structures, an increase in
resistance is still observed at higher frequencies, although the overall resistance of their
antennas decreased.

However, the resistance maxima no longer occur within the investigated frequency
range; consequently, the corresponding maxima of the mutual inductance reactance either
disappeared or were reduced.
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Figure 16. Cont.
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Figure 16. Resistance of antenna modules before (left column (a,c,e,g)) and after (right column
(b,d,f,h)) radiator length modification, with square coupling structures of different side lengths.

This leads to the conclusion that some of the maxima of the mutual inductance reac-
tance are caused by resonance phenomena occurring both in the chip coupling structure
and in the antenna module. Therefore, manipulation of the position of this extremum can
only be achieved by adjusting the geometrical dimensions of these components.

Nevertheless, by properly selecting these parameters, it is possible to control the
frequency at which resonance occurs.

3.2.2. Loop Coupling Circuit

Subsequently, attention was focused on tags with chip coupling structures in the form
of interconnected loops. In the first step, two structures with a two-loop chip coupling con-
figuration were analyzed, both without and with an antenna coupling structure (Figure 17).
The outer diameter of the chip coupling loop is 5.7 mm, while the inner diameter is 4.9 mm.

(b)

Figure 17. (a) Textronic RFID tag with a loop planar coupling structure; (b) its antenna module with
linear arms and loop coupling circuit.

After performing calculations for antennas with a radiator length of 16 cm, it was found
that, for both tags, shifting the maximum toward lower frequencies would be advantageous.
Therefore, in both models, the antenna arms were extended to 18 cm, with the expectation
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that the highest values of the chip voltage would shift toward lower frequencies along the
frequency axis.

The obtained results of the mutual inductance reactance and the chip voltage, be-
fore and after extending the radiator, are presented in Figure 18.
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Figure 18. (a,c) Mutual inductance reactance; (b,d) chip voltage for textronic RFID tags with a two-loop
chip coupling structure, with a radiator length of 16 cm (upper row) and 18 cm (lower row).

In the case of the dipole without a coupling structure, after modifying the radiator
length, the slope of the extremum begins to rise at lower frequencies, which resulted in
a slight increase in the chip voltage in the 700-900 MHz range; thus, a small shift of the
characteristic was observed.

At the same time, the maximum observed at higher frequencies reached significantly
higher values, which is attributed to an increase in the mutual inductance reactance. This,
in turn, was caused by an increase in the resistance of the antenna module (Figure 19a)
compared to the previous 16 cm dipole (Figure 5a).

A similar dependence of the resistance of the two-loop chip coupling structure on
frequency can also be observed (Figure 20).

In contrast, for the tag with an antenna coupling structure, although it was possible
to enforce the occurrence of an extremum at lower frequencies, lower values of the chip
voltage were obtained. Meanwhile, the maximum occurring at 1100 MHz did not change
its position. An increase in the mutual inductance reactance was observed, influenced by
higher values of the antenna module resistance (Figure 19).
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Figure 19. Resistance of the antenna module: (a) without a coupling structure, with a radiator length
of 18 cm; and with an antenna coupling structure: (b) 16 cm; (¢) 18 em; (d) 12 cm.
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Figure 20. Resistance of the chip coupling structure in the form of (a) two and (b) three intercon-
nected loops.
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In turn, for the tag with an antenna coupling structure and a three-loop chip coupling
configuration (Figure 21), it was found that the antenna should be shortened.

Figure 21. Textronic UHF RFID transponder with antenna coupling circuit and three-loop chip
coupling circuit, the outer diameter of the loop is 5.7 mm.

The calculations were repeated for a model with a radiator length of 12 cm (Figure 22).
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Figure 22. (a,c) Mutual inductance reactance; (b,d) chip voltage for textronic RFID tags with a loop-
type chip coupling structure, before radiator length modification (upper row) and after modification
(lower row).

A decrease in the antenna module resistance (Figure 19b,d) resulted in a reduction
of the mutual inductance reactance. The shape of the chip voltage characteristic changed,
and the maximum values decreased.

Similarly to the case of two loops, the minimum between the maxima became broader.
For the three-loop configuration, the first maximum did not change its position, while the
second shifted toward higher frequencies.

3.3. Transponders with Antenna Coupling Circuit Wrapping Around Chip Coupling Circuit

Another group of investigated tags consisted of those with a thread wrapping around
the chip coupling structure (Figure 23).
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(b) (0) (d)

Figure 23. Textronic UHF RFID transponders with antenna coupling circuit wrapping around the
chip coupling circuit at the corners and side midpoints: (a) diagonally right-handed; (b) parallel
outside; (c) parallel inside to the paths; (d) diagonally left-handed.

The chip coupling circuit was square-shaped with side length of 11.2 mm. The mu-
tual inductance reactance and the chip voltage were calculated for four different thread
wrapping configurations (Figure 24).

Shortening the antenna arms resulted in a change in the overall shape of the chip
voltage characteristic. A single maximum split into two, separated by a local minimum.
The first maximum remained at the same position, while the second shifted toward higher
frequencies, which was the intended effect of the study.

The maximum values of the chip voltage decreased; however, for many frequencies,
including those used in RFID systems, the chip voltage increased. Thus, the objective was
only partially achieved: it was possible to shift the maximum toward higher frequencies,
but at the cost of losing the high chip voltage value.

The resistance of the antenna modules explains only the origin of the extrema of
the mutual inductance reactance occurring in the range of approximately 1000 MHz to
1100 MHz (Figure 25).
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Figure 24. (a,c) Mutual inductance reactance; (b,d) chip voltage for textronic RFID tags with an
antenna coupling structure wrapping around the chip coupling circuit at eight nodes, before radiator
length modification (upper row) and after modification (lower row).
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Figure 25. Resistance of antenna modules with a 16 cm radiator and a thread wrapping the chip
coupling structure: (a) diagonally right-handed; (b) parallel outside to paths; (c) parallel inside to
paths; (d) diagonally left-handed.
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After modifying the antenna arm length, the mutual inductance reactance characteris-
tic in this range becomes flatter, as the resistance of the antenna modules no longer reaches
a maximum within the analyzed frequency range (Figure 26).
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Figure 26. Resistance of antenna modules after radiator length modification and a thread wrapping
the chip coupling structure: (a) diagonally right-handed; (b) parallel outside to paths; (c) parallel
inside to paths; (d) diagonally left-handed.

In tags with this type of coupling structure, the changes in the shape of the mutual in-
ductance reactance characteristic are therefore likely caused by the distribution of magnetic
flux density, which also varies with modifications to the conductor geometry.

3.4. Transponders with Chip and Antenna Coupling Circuits Positioned on the Core

The final group of investigated tags consisted of structures with a coupling system
placed on a core. A configuration with a glass core and antenna coupling windings with a
cross-sectional area smaller than that of the chip coupling circuit was selected (Figure 27).

The chip coupling structure consists of a single loop with diameter of 5.7 mm, whose
impedance real part is shown in Figure 28.

The obtained values of the mutual inductance reactance and the chip voltage for
models with different numbers of turns in the antenna coupling structure are presented in
Figure 29.
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(b)
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Figure 27. Textronic UHF RFID transponders with the chip and antenna coupling circuits placed on
the core: (a) 2 coil turns; (b) 4 coil turns; (c) 6 coil turns.
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Figure 28. Resistance of the chip coupling circuit in the form of a single loop.
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Figure 29. (a,c) Mutual inductance reactance; (b,d) chip voltage for textronic RFID tags with a
coupling structure placed on a core, before radiator length modification (upper row) and after
modification (lower row).

The maxima of the chip voltage were shifted toward higher frequencies, while their
values simultaneously increased. In this case, modifying the antenna arm length is an
effective method for controlling the position of the highest chip voltage values along the
frequency axis. Before the modification, the extrema of the mutual inductance reactance
located on the right side of the plot did not result in a significant increase in voltage, unlike
those in the 500-700 MHz range, because they assumed excessively high values.

Their occurrence is due to the resonance phenomenon in the antenna modules. Before
antenna shortening, maxima of their resistance are observed within the investigated fre-
quency range for configurations with four and six turns (Figure 30). Accordingly, maxima
of the mutual inductance reactance are observed at the same frequencies.

After antenna shortening, the resistance maxima (Figure 31) no longer occur, and con-
sequently the corresponding maxima of the mutual inductance reactance also disappear.

At this stage of the research, however, the factors responsible for the occurrence of the
remaining maxima of the mutual inductance reactance are not yet known.
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Figure 31. Resistance of antenna modules after radiator length modification, with a coupling structure
in the form of a winding with the following number of turns: (a) 2; (b) 4; (c) 6.
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4. Discussion

The study made it possible to identify the factors determining the position of the
chip voltage maximum along the frequency axis for textronic RFID tags with inductively
coupled antenna and chip. This knowledge enables an increase in the voltage at the chip
terminals, which translates into an extended read range of the tag in frequency bands
used in RFID systems. The investigations were carried out for four types of antenna—chip
coupling structures.

In summary, for textronic RFID tags, there exist maxima of mutual inductance reac-
tance and chip voltage that can be manipulated by modifying the antenna length, as well
as those whose positions along the frequency axis cannot be altered in this way, since
they result from resonance phenomena occurring in the chip coupling circuit. For such
extrema, shifting them toward a desired frequency is possible by changing the dimensions
of this component.

In all cases, however, the applied modifications affect the resulting chip voltage.
For some tags, it may turn out that although the maximum has been successfully shifted to
the desired frequency range, its value decreases significantly, preventing the achievement of
a satisfactory read range. In contrast, other designs may exhibit an increase in chip voltage.

In any case, by appropriately selecting the geometrical dimensions of the antenna
module and the chip coupling structure, it is possible to obtain a chip voltage maximum at
a desired frequency that will not be shifted by modifications of other design parameters.
These parameters can therefore be adjusted to increase its value, as demonstrated in this
study through variations in radiator length.

In the case of an undesirable decrease in the maximum value when it is shifted along
the frequency axis, it is possible to consider implementing the same antenna module using
a thread with appropriately higher or lower conductivity, in order to compensate for the
change in resistance resulting from the modification of the radiator length. The same
approach may also improve performance when the occurring maxima of the mutual
inductance reactance assume values that are either too high or too low to ensure a chip
voltage corresponding to a satisfactory read range.

Further research is required to determine how precisely the position of the chip voltage
maximum can be controlled by modifying the geometrical dimensions of its components,
and thus the frequency at which resonance occurs within them.

Based on the investigated models, physical tags should be fabricated in order to
conduct experimental studies. The proposed methods for manipulating the chip voltage
maximum should be verified through read range measurements to determine whether they
produce the expected changes at selected frequencies. Impedance measurements should
be carried out to verify whether the fabricated textile antennas indeed exhibit resonance
at the frequency assumed during the design stage. Subsequently, the factors causing any
resonance shift should be identified and described, such as mechanical stresses during
wear or the proximity of the human body.

Furthermore, the impact of mechanical interactions occurring during garment use
and maintenance and environmental conditions on textronic RFID tags with inductively
coupled chip and antenna should be investigated. The influence of the proximity of metal
elements or other transponders is also not yet known.

These studies will enable the development of design and manufacturing techniques for
textile RFID tags with a satisfactory read range. Such a solution has the potential to serve
as a Digital Product Passport in the future. The diversity of textronic RFID tag designs,
including their coupling structures, increases the flexibility in selecting a configuration
that meets the requirements of a given garment, such as the material used, available space,
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functional and decorative elements, aesthetics, as well as the tools and skills required for
fabrication and integration with clothing.
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