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Abstract: The idea of novel antennas and matching circuits, developed for radio frequency identifi-
cation (RFID) passive transponders, and made on textile substrates, is presented in this paper. By
manufacturing an RFID transponder by the means used in every clothing factory, we developed
the concept of RFIDtex tags, which, as textronic devices, make a new significant contribution to the
Internet of Textile Things (IoTT). The main feature of the device consists of the use of an uncommon
inductively coupled system as the antenna feed element. The antenna is sewn/embroidered with a
conductive thread, and the microelectronic module with an RFID chip is made in the form of a bead,
using standard electronic technology. Finally, the construction of the RFIDtex tag is developed for
easy implementation in production lines in the garment industry. The proposed inductive coupling
scheme has not been considered anywhere, so far. The developed transponder is dedicated to operat-
ing in RFID systems of the ultra-high frequency band (UHF). The numerical calculations confirmed
by the experimental results clearly indicate that the proposed coupling system between the antenna
and the microelectronic module works properly and the RFIDtex device can operate correctly within
a distance of several meters. The proposed design is based on the authors” patent on the textronic
RFID transponder (patent no PL 231291 B1).

Keywords: inductive coupling; Internet of Things; RFIDtex tag; sewn/embroidered tag; textile RFID

transponder; textronic tag; textronics

1. Introduction
1.1. Issue of RFID Tags in Garment Industry

Radiofrequency identification (RFID) technology is commonly known since it is widely
used in various fields of industry and everyday life [1]. The demand for such identification
systems is also visible in the processes performed on a wide range of textile products, e.g., in
the food service, hotel or hospital industries, professional uniforms but also more and more
often in relation to clothes for general use [2]. Due to price requirements, the RFID tags
have to be cheap, flexible, easy to fabricate as well as easy to assemble on products intended
for identification. These demands are met by the textile electronic transponders proposed
by the authors in [3], called RFIDtex transponders (or RFIDtex tags). RFIDtex tags have
been designed for easy implementation on production lines used in the garment industry.
Since, during its construction, the electronic device (RFID transponder) is produced on
a textile substrate (directly on clothing), the RFIDtex tags should be treated as e-textiles
(called textronics) [4]. Textronics are thought to be the key elements of the Internet of Textile
Things (IoTT).

Some of the studies reported in the subject’s literature concern research on flexible
UHF (Ultra High Frequency) RFID transponders that are intended for application on
wearable or washable textile products [5-7]. In this subject matter’s literature, we can find
various designs of RFID tags, shapes of antennas [8], technologies for fabricating elastic
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coils [9,10], studies on the impact of used materials [11] and some consideration of sewn
or embroidered antennas [12,13]. There is little research on connecting RFID chips (that
are often available as the bare semiconductor integrated circuit IC) to a conductive thread
or other flexible conductors [14-16]. Usually, the ICs are soldered or glued, which is a
challenge for unskilled workers who are not familiar with electronic technology. Thus,
this electronic technology cannot be used directly on the production lines of the clothing
industry. To cope with this, a microelectronic module in the form of an interposer and a two-
loop inductive coupled system can be applied [3,17]. It has also been found that inductive
coupling between the antenna and the radiofrequency (RF) front-end of the RFID chip is
one of the methods for improving the read range when interferences with the surrounding
materials occur. Since the construction shows a low sensitivity to environmental impacts, it
can be used in passive UHF RFID tags dedicated to operating in challenging applications
(e.g., in close proximity of metals or liquids) [18].

1.2. Design of RFIDtex Transponder-Advancements
A typical UHF RFID transponder operating in the frequency band of 860-960 MHz

consists of three main components that have to be considered during designing new
constructions: RFID chip, antenna and matching elements (Figure 1a).
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Figure 1. Designing RFIDtex transponder: (a) example of typical RFID tag design; (b) example
of contemporary encapsulation of RFID chip; (¢) conductive Adafruit 2 ply stainless thin thread;
(d) example of galvanic connection between electronic module and conductive yarn system under
laboratory tests.

The antenna can be produced in a multitude of shapes, as a dipole, monopole, inverted-
F, microstrip patch, etc. [18]; in addition, the matching circuit can have various forms
depending on the antenna design. In most cases, the chip is galvanically connected to
the terminals of the matching circuit. Although there are various methods for connecting
integrated circuits to PCB boards, the technological process of making such connections
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may become particularly challenging when dealing with small pin raster or non-PCB-based
antennas. Modern chips, even when enclosed in a package, are of a relatively small size
(Figure 1b). As the transponder’s planar dimensions are defined by the size of the antenna,
the usage of the tiny chip aims to achieve the flattest possible RFID labels. Consequently,
the chips within the labels are hardly noticeable, and thus, their connection with the
antenna is difficult to locate and intentionally damage. However, the issue remains of
how to reliably attach the chip to the conductive paths of the radiator. Soldering, which
is commonly used in electronic technology, exhibits enormous problems in the case of
flexible substrates due to the small size of the pads in the integrated circuit, as well as the
mismatch of the thermal properties of the artificial materials to the high temperature of the
soldering process. Therefore, various types of adhesives are most commonly used [19,20].
Galvanic connections obtained in this way are unreliable, especially in garment products
that, throughout their entire life cycle, are subjected to the destructive processes of washing,
ironing and use.

On the other hand, while reducing the antenna size is feasible, it negatively affects
the radio communication process and the read range of the transponders. It is therefore
advisable to design the antenna without downsizing it, unless necessary. From the per-
spective of clothing labelling, the optimal solution seems to be creating the antenna during
the sewing process using conducting threads. In this way, the complete integration of the
electronic system with the tagged object can be obtained. Unfortunately, the thickness
of a typical conducting thread (Figure 1c) is significantly larger than the dimensions of
the pads in common RFID chips (Figure 1b). It is impossible to create a reliable galvanic
connection between these two components. This issue is typically resolved by creating
a microelectronic circuit that has metallized holes intended for weaving the ends of the
thread forming the antenna radiator (Figure 1d). Such a solution can be successfully ap-
plied in the case of HF circuits. In the UHF band, it leads to a significant change in the
antenna impedance. Furthermore, the connection with braided thread exhibits significant
impedance fluctuations during its use. As a result, changes in the antenna impedance
cannot be predicted at the design stage of the RFIDtex tag. The lack of impedance matching
between the chip and the antenna definitively hinders the operation of such a system.

1.3. Design of RFIDtex Transponder Coupling System

In order to eliminate the problems mentioned in Section 1.2, the inductive coupling sys-
tem between the antenna and the RFID chip is used in the RFIDtex devices. In consequence,
two main parts can be distinguished in the RFIDtex tag: the microelectronic module that is
composed of the RFID chip and its inductive coupling circuit; and the antenna module also
consisting of the inductive coupling circuit and the radiator of the electromagnetic waves
(Figure 2). The coupling coefficient achieved by placing the inductive loops parallelly in
close proximity to each other provides the possibility to transfer power and data from the
antenna to the RFID chip. The microelectronic module can be produced as a semi-product
in the electronic industry and then can be attached to the sewn or embroidered antenna
module by the means used in the production lines of garment factories. The attachment
process can be performed using conventional polyester thread or adhesive materials.

Antenna module Microelectronic module/
PCB module
/

Textile _+ |
product
Fabric / T Antenna v RFID chip
Substrate 7

Coupling circuit of __ / \ Coupling circuit of

antenna module microelectronic module

Figure 2. Idea for RFIDtex transponder.
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When elaborating on the concept outlined in the patent PAT.231291 [3], the authors
observed that the microelectronic module can be enclosed in a button, slider or other
elements known in tailoring. Depending on the purposes of the developed tags, a lot of
different constructions can be proposed with regard to the requirements of the end users. In
this paper, a new approach to designing the internal structure of the RFIDtex tag in relation
to the previous studies is considered (Figure 3).

Substrate/
Fabric

Coupling circuit of
antenna

Sewn part of
antenna

Coupling circuit of
microelectronic module

RFID PCB RFID
chip module chip module

(a) (b)

Figure 3. RFIDtex transponder: (a) primary solution of coupling system; (b) coupling system
according to new conception of threaded bead.

In the primary solution, the coupling system (shown in Figure 3a) can be easily
modelled in numerical calculations [3]. This is due to the fact that the coupling circuit
of the antenna and the coupling circuit of the chip have simple round forms and they
do not intertwine in space. They are just arranged parallel to each other in two planes.
For example, the RFIDtex construction designed with the EMCoS Studio 2021 software is
presented in Figure 4. Such a model was extensively tested in the preliminary stage and
the obtained results are detailed and presented in the authors” publications [3,21].

Figure 4. RFIDtex transponder according to Figure 3a: (a) classical model; (b) sample under tests;
(c) diagram of electrical equivalent of RFIDtex transponder.

The question is whether it is possible to simplify the process of manufacturing the
RFIDtex tag in a way that could be easily implemented in clothing production lines. Thus,
the design of the microelectronic module enclosed in the bead is studied in this paper. In the
construction of the bead-shaped RFIDtex tag, the antenna module is embroidered or sewn
with conductive threads and its coupling circuit is wrapped around the second coupling
circuit in the bead (around the microelectronic module). Unfortunately, in this case, the
inductive loops are arranged perpendicular to each other (Figure 3b), which significantly
reduces the coupling coefficient. However, while the mutual inductance in the coupling
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system composed of parallel loops is easy to calculate as a standard problem of electrical
engineering, the model of coupled coils with an angle included between them is much more
complicated [22,23]. Generally, if the angle deviation changes from 0° to 90°, the mutual
inductance gradually decreases. It can be observed that the system efficiency decreases as
well—no signal passes when the two coils are perpendicular.

If the experiment is successful, we could obtain a device that could serve both as
a decorative element of a textile product or an electronic memory store of the unique
identification number (UID) and information of the product.

1.4. Impact of Material Parameters on RFIDtex Tag Efficiency

There are some publications that have discussed the impact of the dielectric param-
eters of substrates on the operational effectiveness of transponders in RFID systems [11].
For example, the antenna model designed in [17] is fabricated from various materials, and
thus, an obvious effect of changing the read range is obtained depending on the dielectric
parameters of the substrates. This is a direct result of the change in the impedance matching,
while the impedance is expressed by complex numbers [3]. Changing the dielectric param-
eters of the substrate causes a change in the antenna impedance Zt4 and thus affects the
mismatch with the chip input impedance Zr¢ (Figure 4c). The Z14 parameter is considered
from the perspective of the chip terminals, and as such, it includes the impedance of both
the coupling circuits and the radiator. If the impedances are not coupled, Z14 = Z7c* [21],
the signal is reflected and only part of the energy reaches the chip’s input circuit. However,
it should be clearly stated that the antenna should be designed specifically for the substrate
on which it is fabricated. The dielectric properties of the used materials have to be taken
into consideration in the calculations. Thus, a properly developed transponder always
operates efficiently in an RFID system when the electromagnetic field is not disturbed by
the surrounding objects.

On the other hand, metal objects or liquids in close proximity have a similar effect
on the antenna impedance. In this case, the human body also negatively influences this
parameter. Contrary to appearances, such detuning in the radio circuit may prove to be a
significant advantage when designing utility applications.

In automated identification systems dedicated to the stages of production, storage,
distribution or disposal, it is necessary to ensure that no objects disturb the electromagnetic
field and affect the operation of the transponders during product identification. Of course,
at the engineering level, such requirements for the applications should not pose any
significant problems. It remains to be studied the suitability of the RFIDtex tags for the
everyday use of textile products. Let us consider one such application, e.g., the washing
process. The automatic selection of the washing machine settings can be based on the
data read from the chip’s memory. This process should occur when inserting the marked
products into the drum. Likewise, the interrogation of the transponders can also take
place after inserting them into the drum. The effectiveness of the tag recognition can
be ensured by appropriately shaping the interrogation zone [1] inside the metal drum.
Additionally, the probability of identification can be increased by making several reading
revolutions of the laundry. In any case, it is possible to obtain an almost 100% certainty of
the identification. Of course, the drum has to be properly constructed, and the interrogation
zone has to cover its entire interior.

It would actually be possible to explore the various implementations of the RFIDtex
systems in a similar way. Although the influence of environmental objects on the antenna
operation is evident, it should not have any significance in some specific applications. The
question remains of whether the RFIDtex tag can be reliably read when it is close to the
human body. In this case, the read range will definitely drop. Thus, the key consideration is
whether this behaviour is a disadvantage or an advantage of the system. In times of concern
for the security of personal data, the reduction in or absence of identification should be
regarded as an important advantage. At many conferences where the RFIDtex solution was
presented, there were always voices expressing objections that users may not want a third
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party to have access to the information stored in the tags on their clothes. However, on the
other hand, many people would like, without any reservations, to boast about the stores at
which they shop. The protection of personal data is an extremely important problem in this
case, and requires systemic solutions, but of a completely different type, not related to the
subject matter of the presented research.

2. Materials and Methods

The coupling system is the most important component of the RFIDtex transponder.
It determines the identification efficiency in the entire RFID system. It is also the most
difficult element to model in numerical calculations, especially when the threaded bead
is taken into consideration. The problem is presented and studied by the authors on the
numerical model elaborated in the EMCoS Studio 2021 software (Figure 5).

Microelectronic module

WW £°G J0 WW Z°G
WL /' 10 WW 2'g

Thread of antenna module

(b) ()

Figure 5. Model of coupling system in bead-shaped RFIDtex tag: (a) detailed diagram of two-
loop chip’s coupling circuit; (b) model with one turn in coupling circuit of microelectronic module;
(c) designing process of model with two turns in coupling circuit of microelectronic module.

A model of the chip’s coupling circuit can be designed relatively easily (Figure 5a).
Following the research strategy, this circuit can be configured as either a one-turn or
two-turn coil, with outer diameters of 5.2 mm or 5.7 mm.

The essential part of the model of the bead-shaped RFIDtex tag is the conductive
thread wrapped around the microelectronic module (Figure 5b,c). This element is the most
difficult for modelling. In the design software being employed, there are no built-in tools
designated for directly creating this type of spatial structures. The natural shape of sewing
with the conductive thread around the microelectronic bead was reproduced by making
auxiliary geometries in the form of circles using standard Arc and Polyline tools. The spatial
arrangement of the antenna radiator ensures proper insulation between the conductive
thread and the coupling circuit of microelectronic module.

In order to create the model of the antenna coupling circuit, two auxiliary circles with
diameters of 3 mm and 6.5 mm are prepared, as depicted by the green circles in Figure 5c.
The outer circuit is enlarged to 7 mm for the microelectronic module with the coupling coil
diameter of 5.7 mm. Equally distributed points (highlighted in red) are positioned on the
circles in such a way that the distance between subsequent loops of the antenna’s coupling
circuit is 1 mm along the circle (highlighted with a dotted green line), aligning between the
paths of the chip’s coupling circuit.

The antenna’s complex impedance, Zt4, is the main parameter that has to be consid-
ered in the performed investigation. It has to be matched (coupled) to the impedance of
the RFID chip, Ztc (Z14 = Z7c*). The impedances of the coupling system also have to be
taken into consideration in numerical calculations. The impedance parameters of the RFID
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chip (SL351214-UCODE 7 m in case SOT886; by NXP Semiconductors, Eindhoven, the
Netherlands) that are used in the experiment are presented in Table 1.

Table 1. Parameters of RFID chip SL351214-UCODE 7 m.

Frequency Impedance of Bare Chip Impedance of Packaged Chip
866 MHz 14.5-j293 O 14.8-j264 )
915 MHz 12.54277 Q) 12.8-j248 Q)
953 MHz 12.5-267 O 12.8-j238 2

Read sensitivity /Minimum input power —21dBm

To model the RFIDtex transponder, parameters of the wires used to prepare conductive
loops has to be known. It is not a problem in the case of the microelectronic module which
is made on a standard Kapton flexible substrate with Cu clad. But, wires of the antenna
module are manufactured with the Rupalit V155 10 x 0.04 mm Litz (by Dacpol, Piaseczno,
Poland) conductive thread. The input parameters of the Litz had to be measured in
laboratory preliminary experiments: thickness 0.18 mm, electrical resistivity p = 0.08 ()-m,
conductance ¢ =12S.

The basic research strategy is to develop several versions of the wrapped construction
that differ in the number of turns in both the antenna coupling circuit and the microelec-
tronic module coupling circuit. On the basis of prepared models (Figure 5), the influence of
the number of turns is examined, and, additionally, the impact of the coupling system on
the RFIDtex tag operation is analysed.

3. Results—Simulations
3.1. One-Turn Coil in Microelectronic Module

The first model of the RFIDtex transponder is prepared for the one-turn coupling
circuit of microelectronic module (Figure 5b). The diameter of the coil is 5.2 mm. Around
the coil, there are wound 3, 4, 6 or 7 windings of the coupling circuit of the antenna module
(accordingly, One turn_5.2_v3, _v4, _v6, _v7 in Figure 6). The length of the antenna dipole
(conductive thread) is 13 cm.

——————
———————

- E 210 szz===

_____ e L L Ll

pssssssweiERE
800 850 S00 950 1000 800 850 800 550 1000
Frequency, MHz Frequency, MHz
One turn_5.2_v3 One turn_5.2_v4 One turn_5.2_vb One turn_5.2_v7 One turn_5.2_v3 One turn_5.2_vé4 One turn_5.2_vé One turn_5.2_v7
..... Two turns_5.2_v2 ====«Two turns_5.2_v3 ====eTwo turns_5.2_vd ====«Two turns_5.2_v = TWO tUrNS_5.2_V2 =====Two turns_5.2_v3 =====-Two turns_5.2_v4 =====Two turns_5.2_v
(a) (b)

Figure 6. Antenna impedance Zt, calculations for microelectronic module with 5.2 mm diameter:
(a) real part of Z14; (b) imaginary part of Zt4.

The Z14 is the main determinant for the numerical calculations. Its imaginary part
oscillates in the range of <150;220> (), whereas the real part is a few ohms (Figure 6).
Further increasing the number of winding turns does not allow us to obtain the desired
value (Z7¢*) (Table 1). Thus, the thread braid does not have a significant effect on changing
the imaginary part. Consequently, it was necessary to consider designing a new geometry
that meets the conditions of matching the impedance to the chip.
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3.2. Two-Turn Coil in Microelectronic Module

By using a two-turn coupling circuit of the microelectronic module (Figure 5c), an
increase in the values of Im(Z14) € <200;280> Q2 is obtained. The calculations are repeated
at 2, 3, 4 or 7 windings of the coupling circuit in the antenna module (accordingly, Two
turns_5.2_v2, _v3, _v4, _v7 in Figure 6). The Im(Zt4) changes slightly with the number of
turns in the antenna module. Also in this case, the assumed value of Re(Z7c*) (Table 1)
cannot be reached. Moreover, it should be noticed that many turns in the antenna module
cause a problem due to their even distribution around the microelectronic module.

3.3. Two-Turn Coil in Enlarged Microelectronic Module

A significant improvement in the impedance matching conditions can be obtained
by increasing the diameter of the microelectronic module. If the diameter of its coupling
circuit is enlarged to 5.7 mm, the values of the Im(Zt4) oscillate in the range of <240;350> ()
(Figure 7). This gives a significant increase compared to the previous designs. Unfortunately,
the Re(Z14) is still too small. The calculations are performed at 1, 2, 3 or 4 windings in the
antenna module (accordingly, Two turns_5.7_v1, _v2, _v3, _v4 in Figure 7) and compared
with the previous models.

320

Im(Z;,), @

900 950 1000 1000

Frequency, MHz

Two turns_5.7_vl

Two turns_5.7_v2

Two turns 5.7 v3 Two turns_5.7_v4 Two turns_5.7_v1 Two turns_5.7_v2 Two turns_5.7_v3 Two turns_5.7_vé4

Two turns_5.2_v3 mm==ms Twoturns_5.2_v4 mm==s Twoturns_5.2_v7] ~  [====- Two turns_5.2 v2 =====- Two turns_5.2_v3 ====- Twoturns_5.2_ v ====- Two turns_5.2_v7

(a) (b)

Figure 7. Antenna impedance Zt4 calculations for microelectronic module with 5.2 mm and 5.7 mm
diameter: (a) real part of Zt4; (b) imaginary part of Z4.

3.4. Length of Antenna Radiator

Since the additional coupling turns in the antenna module or the enlarged diameter
of the microelectronic module are technologically burdensome, it is necessary to look for
other parameters the change in which would create better matching conditions.

The length of the antenna radiator can be determined on the basis of a simple relation:
A/2 =0.5-c/ f, where A/2 means the length of the antenna, c—the light speed in a vacuum,
f—the operating frequency of the antenna. At the operating frequency of fy = 915 MHz, the
length of the antenna should be 16.4 cm, whereas it equals 17.3 cm for fo = 866 MHz. Because
the radiator is constructed using a conductive thread with a relatively high resistance, it
is necessary to shorten the obtained lengths. This adjustment is required due to the
propagation of electromagnetic waves in materials other than a vacuum [24]. Further, if the
conductive thread of the calculated length is wrapped around the microelectronic module,
the overall length of the antenna is shortened. Therefore, the question arises of whether
the part of the thread used to create the coupling circuit of the antenna module should be
taken into account when determining the length of the antenna.

With a change in the dipole length from 15 cm to 18 cm, there is no significant variations
in the Im(Zty4) (Figure 8). However, it significantly influences the value of the Re(Z14). For
example, resonance is obtained for 16.5 cm @ 866 MHz
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Frequency, MHz Frequency, MHz
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(a) (b)

Figure 8. Antenna impedance Zty calculations for various length of antenna dipole: (a) real part of
Z14; (b) imaginary part of Zra.

Regardless of the radiator length, general conclusions can be drawn for all cases. Each
time the number of coupling turns in the antenna module is changed, the values of the
Z14 remains almost at the same level. This confirms that the coupling system proposed
for the RFIDtex transponder has no significant effect on the Z74. However, the length of
the antenna radiator has to be selected adequately to the operating frequency, taking into
account the size of the coupling system.

4. Experimental Results
4.1. General Assumption of Experiments

As part of the experiment, RFIDtex demonstrators with a different number of turns
(sample: H1-1 turn, H2-2 turns, H3-3 turns, H4-4 turns) in the coupling circuit of the
antenna module were prepared. Denim was chosen as the substrate of the textronic device.
In the manufacturing process, special attention was paid to the accurate trimming of the
8 cm radiator arms and to the even distribution of the coils of the antenna module around
the microelectronic module (Figure 9a,b).

Figure 9. Experiment sample H1-H4: (a) example of coupling system; (b) four examples of RFIDtex
transponder.
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4.2. Experiment in Laboratory Stand

The measurements were performed in two stages. At the beginning, the Voyantic
Tagformance Pro system (Figure 10a) installed in a MVG anechoic chamber (Figure 10b)
was used to determine the theoretical read range of the RIDtex tag samples.
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Figure 10. Experimental stand: (a) data condition in Voyantic Tagformance Pro development tool;
(b) MVG anechoic chamber.

The RFIDtex demonstrators were tested to work in the RFID system compliant with
the ETSI EN 302 208 standard [25] (Pgirpmax = 2 W EIRDP, Effective Isotopically Radiated
Power). The theoretical read range in the forward rpy,px and reverse gy, direction
were determined on the basis of the power flow [3]:

c PE1RPmax

— 1
"'PwrMax inf Ppyy 1)
¢ Ppyy
, 2
I'BtrMax 47Tf PRmin ( )

where Prirpma means the maximal effective isotropic radiated power (Pgirpyax = 3.28 W
EIRP for ETSI EN 302 208 European standard or Prjrpmax = 4 W EIRP for FCC Part 15.247
American standard); Pp,,, is the minimum power emitted by the read /write device (RWD)
that is needed to properly start (power up) the transponder under tests (TUT); Py, is the
effective backscatter power transmitted by the RWD at which TUT answers to the RWD
command; Pg,,;; means the sensitivity of the RWD.

The frequency resonance in the vicinity of 910 MHz (Figure 11) confirms the conver-
gence of the numerical calculations with the measurements for the prepared samples. The
coupling circuit of the antenna module with three turns has the best operating parameters
in the tested band <800;1000> MHz. With each subsequent turn of the coupling coil, the
operating parameters of the H1-H3 samples improve. However, the arrangement with four
turns has worse characteristics. This is due to the inaccuracy in winding the turns around
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the microelectronic module. The coil turns have to be wound very close to each other in
even intervals, which is very hard to execute in practise (manual manufacturing).

9 12
8
10
7
6 8
£ s £
< <
3 4
2
2
1
0 0
800 825 850 875 900 925 950 975 1000 800 825 850 875 900 925 950 975 1000
Frequency, MHz Frequency, MHz
——H1 -H2 H3 H4 —emH] e——H2 H3 H4
(a) (b)

Figure 11. Theoretical read range: (a) in forward rpy,p1, and (b) reverse a1, direction.

4.3. Experiment in Quasi-Real Conditions

In the second stage of the experiment, the elaborated RFIDtex demonstrators were
tested in quasi-real conditions. The basic parameter—read range—was determined accord-
ing to the number of thread turns (Table 2) as well as the length of the radiator (Table 3)
for the best of the H samples. The construction with three turns of the coil shows the best
performance in these measurements as well.

Table 2. Read range of RFIDtex demonstrators vs. number of turns.

Sample No. Number of Turns Read Range, cm
H1 1 119
H2 2 176
H3 3 187
H4 4 107

Table 3. Read range of RFIDtex demonstrators vs. length of radiator (measurements on the basis of

H3 sample).
Sample No. Length of Radiator Read Range, cm
1 20.5 54
2 19 56
3 18 111
4 17 124
5 16 187
6 15 187
7 14 156
8 13 107
9 12 43

The apparatus set-up of the second experiment consists of ID ISC.LRU3000 RWD by
Feig (output power Prywp = 0.3 W; sensitivity 65 dBm) with Feig ID ISC.ANT.U170/170-EU
UHF antenna connected with ID ISC.ANT.C2-A UHF Antenna Cable.

5. Conclusions

This paper presents the innovative concept of a textronic RFID tag with a bead-shaped
microelectronic module. Its key element is the antenna coupling circuit, made through
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windings around the coupling circuit in the microelectronic module. The operation of
the proposed structure in the 860-960 MHz band has been confirmed on the basis of the
numerical calculations as well as in the experimental measurements.

It should be emphasized, however, that the simulation toolkit of EMCoS Studio 2021
used for preparing the model and numerical calculations does not provide any procedures,
guidelines or software options that could allow us to create, ad hoc, a coupling system with
such an advanced shape in the proposed design of the RFIDtex tag. Thus, the preparation
of the conceptual bead and the analysis of the coupling system impact on the RFIDtex tag
parameters was the one of main challenges of this work.

The elaborated RFIDtex transponder with a bead-shaped microelectronic module is
especially dedicated for the electronic marking of textiles with a limited surface area, such
as underwear.

The conducted investigations prove that it is possible to design a model of a UHF
textronic RFID transponder with the bead-shaped microelectronic module, as well as to
perform effective numerical calculations leading to the creation of a properly operating
device. It is also proven that such a device can effectively operate in practice within selected
automatic object identification systems. Despite its low read range, the main advantage of
the proposed solution lies in its ease of implementation on production lines in the textile
industry. Since, in general, RFIDtex tags are dedicated to function throughout all the stages
of the electronically marked product lifecycle, tests are carried out to assess the resistance
of these devices to environmental conditions. It should be noticed that the product usage
stage stands out as the least predictable and longest-lasting. The partial results of the
environmental tests are published by the authors in the article [26]. They clearly show that
RFIDtex transponders are unfortunately subjected to rapid degradation, mainly due to the
unsatisfactory parameters of the conductive threads. During the subsequent washing or
ironing processes, not only does the thread resistance increase, but both the threads and
substrates also experience shrinking or stretching. These changes may lead to a significant
deterioration in the transponder performance and, consequently, an inability to recognize
garments in household appliances (e.g., washing machine). Nevertheless, it is always
possible to read the information stored in the chip’s memory from a short distance with a
high power at the output of the RWD. Therefore, in the final stage of the product lifecycle,
it will be possible to obtain data on its material composition and the method of disposal,
which is certainly a significant advantage of the proposed solution. Unfortunately, if the
antenna radiator is entirely broken, the tag becomes inoperable. Therefore, selecting the
appropriate conductive thread is crucial. Of the more than ten conductive threads offered
by various manufacturers and tested by the authors, half of them were damaged after just
a dozen or so washes. The results of these studies are currently being processed and will be
published soon. Thus, it can be seen that, although the RFIDtex tag is ready to work in a
wide range of applications, it is necessary to conduct research on the materials used for
its production.
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