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Abstract: Integration of Radio Frequency Identification (RFID) technology with conductive textiles
has greatly expanded the possibilities for creating smart devices that fit perfectly into the concept of
the Internet of Things. The use of e-textiles for antenna manufacturing has enabled the development
of a textronic RFID tag. Integration of such tags into products with often non-flat surfaces may result
in exposure to changes in antenna geometry caused by bending. As a result, the antenna parameters
may change, resulting in disruption of the entire tag operation. The authors, through simulation and
experimental studies, analyzed the effects of bending the antennas of RFID tags operating in the HF
(High Frequency) band.

Keywords: textronic RFID transponder; textile antenna; wire antenna; antenna bending

1. Introduction

The first mentions of the concept of the Internet of Things (IoT) appeared in the last
century, but with rapidly progressing technological developments, it has gained importance
in recent years [1,2]. This concept assumes the creation of a wired or wireless network of
interconnected devices within which it will be possible to acquire, process and exchange
data. The implementation of such a solution enables us, among other things, to increase
the automation of many processes in various industries.

The concept of the Internet of Things is extremely broad and can cover almost any
sector using intelligent systems. Considerable specialization in narrow thematic areas has
resulted in the gradual introduction of more precise, industry-specific definitions of this
concept, e.g., the Internet of Medical Things [3,4], the Industrial Internet of Things [5], the
Internet of Military Things [6-8], and the Internet of Musical Things [9,10]. The increasing
integration of textile materials with smart devices encourages us to narrow-down the
definition of this research area to the Internet of Textile Things (IoTT).

Radio Frequency Identification (RFID) technology is significantly important to the
context of 10T, as it significantly expands the possibilities of creating intelligent solutions,
such as in healthcare [11-13], inventory or supply chain management [14-17], or access
control [18,19].

RFID systems consist of a reader (management unit that can be connected to the
Internet) and a tag (wireless communication with the reader). The RFID tag is made of a
microelectronic chip with an antenna. Tags can be passive, semi-passive, or active, and
operate in different frequency bands, which will directly determine the operating range. In
the case of tags operating in the HF (High Frequency) band with an operating frequency
of fo = 13.56 MHz, the range is usually up to approximately 1 m. The antenna of such a
tag is a loop, usually rectangular, with specific parameters—considering a series model:
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series resistance Rg and series inductance Lg, which form a resonant circuit with the chip
capacitance (Ctc) (Figure 1). For the tag to work properly and effectively, the antenna must
be well matched to the system, therefore great care must be taken both during its design
and synthesis.

RFID system environment

NTENNA LOOP CHIP CAPACITOR +
arallel circuit)

>

Figure 1. HF band RFID transponder circuit diagram.

The progressive miniaturization of tags along with the increasing popularization of
electroconductive textile materials enables the use of RFID systems in the wearable devices
sector, which are extremely popular in many applications. To integrate RFID technology
and textronics, the concept of textronic tags [20,21] has been developed, in which the
chip is in the form of a semi-finished product (e.g., a button), and the antenna made of
e-textile material is embroidered or ironed into a classic textile base. This type of tag can
be incorporated into target products (e.g., clothes) in an almost invisible way, and their
flexibility does not limit the functionality of the product or the comfort of its use.

One of the problems that RFID tags (including those used in the textile industry)
are exposed to is a change in the geometry of the antenna caused by the curvature of
the object (usually cylindrical) on which it is placed. A situation of this type occurs
when building RFID systems for monitoring marked bottles [22-24] or collecting selected
medical data [25-27] (the curvature of transponders placed, e.g., around the wrist can be
approximated by the curvature of cylindrical objects).

The impact of an antenna’s curvature on its parameters is an issue often analyzed by
researchers, and it concerns several types of antennas [28-30]. In the case of RFID tags,
in certain situations any change in antenna parameters can be a very significant problem.
Therefore, the authors decided to investigate this and analyze the dependence of the
resistance and inductance of the antenna loops of textronic HF band tags on their curvature.

In the literature cited in the previous two paragraphs, researchers mainly analyzed
the parameters of the scattering matrix, antenna gain, and induced voltage. The study of
the parameters selected by the authors constitutes a slightly more in-depth analysis of the
problem, because the cause of the effects presented by others is analyzed.
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2. Materials and Methods
2.1. HF RFID Transponder Textile Antenna

One of the areas covered by the research team, which includes the authors of the article,
is the integration of RFID technology with textile products. P. Jankowski-Mihutowicz and
M. Weglarski in the patent PL 231291 B1 [31] (Polish Patent Office) presented the concept
of a textronic RFID tag in which the antenna is integrated with the textile substrate and the
chip is present in a separate semi-finished product (button).

As the test object, the authors decided to use an RFID tag operating in the HF band,
which could be integrated with textile products and would enable its use in systems
(using typical mobile devices such as smartphones or tablets with RFID interface and
NFC functions) for access control (tag integrated directly with clothing or in the form of
a dedicated wristband), tracking textile products, or monitoring specific parameters (e.g.,
temperature). In the context of [oTT, an equally interesting application may be the use of
such a tag as a ski pass sewn directly onto a ski jacket (e.g., sleeve).

SL13A from AMS (now ams-OSRAM AG—Premstaetten, Austria) was chosen as the
integrated circuit that would create the test tag. Although it is now considered obsolete
and has therefore been decommissioned, it is still an interesting alternative. It is a circuit
operating in semi-passive or passive mode in the HF band (f = 13.56 MHz). It has a built-in
temperature sensor, so it is used in monitoring temperature-sensitive products, including
medical devices.

The HF tag antenna is a (usually) rectangular coil with a specific inductance, the target
value of which results from the chip capacitance—the antenna and the chip form a parallel
LC resonant circuit with a resonant frequency equal to the tag’s operating frequency—then
the best conditions for data and energy transmission are ensured. The value of the antenna
inductance can be determined using the Equation (1).

1

L=—"—— 1
47T2f02CT ( )

The capacitance Ct of the selected chip was 25 pE. Using the Equation (1), the value of
the antenna loop inductance L was calculated to be 5.51 uH.

To determine the geometric dimensions of the antenna loop that can enable us to
obtain the assumed inductance value, ready-made toolkits from chip manufacturers can be
used, which significantly support the design processes.

An example of such a tool is eDesignSuite (Figure 2) from STMicroelectronics (Plan-les-
Ouates, Switzerland), which was used during the antenna-design process. The designed
antenna loop was shaped like a square with a side of 80.2 mm, the distance between
the turns was 1 mm, and the number of turns was 5. The average conductor width was
assumed to be 0.2 mm. The theoretical value of the inductance of such a loop is equal to
5.55 uH (Figure 3), which is a satisfactory result—the synthesis process of the prepared
project could be started.

Geometry

Tums a

Antenna Length mm €
Antenna Widih mm €
Conductor 3

Width mm €
Spacing mm €
Thickness um €

Substrate

Thickness mm €3
Relative Electrical Permttivity (er) a

Figure 2. View of the eDesignSuite tool for NFC/RFID calculations.
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Antenna Results

Segmentation Mode: Vertical
Segments: 20

Equivalent Inductance: 5.55 pH
@13.56 Mhz

Figure 3. Output from the eDesignSuite tool—inductance of the designed antenna.

The designed antenna is intended to be an integral part of the textile product; therefore,
a linen fabric (Tkaniny24.pl—Iawa, Poland) (substrate) and an electrically conductive
thread (antenna loop geometry) were used for its production. The model piece was made
using Adafruit 640 thread (Adafruit Industries—New York City, NY, USA), which is a 2 ply
316L stainless steel thread.

The developed geometry was exported to an embroidery machine program and sewn.
Moreover, to facilitate tag testing, the antenna was immediately integrated with the button
(small PCB) on which the chip was located. A photograph of the completed antenna is
shown in Figure 4.

Figure 4. Photograph of the HF RFID transponder antenna.

Placing the chip on the PCB in the form of a button allows for the aesthetic integration
of the tag with textile industry products, including clothes. In the created tag, the antenna
and the chip must be connected by wire. The conductive thread is connected to the chip
pins through prepared vias, the spacing of which resembles classic solutions from the
clothing sector. The sewn antenna differs slightly from the design—visible rounding on
the corners is the result of an imperfect embroidery process, which depends, among other
things, on the set speed, stitch length and thread tension.

2.2. Parametric Model

The basis for conducting numerical analyses of the tested antennas is the develop-
ment of a universal parametric model that will enable the automation of the simulation
research stage.

Due to the geometric shape of the designed antenna, before describing its model
with parametric equations, it should be divided into smaller sections and the origin of the
co-ordinate system should be determined (Figure 5).
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Figure 5. Visualization of the antenna model: (a) sectioning; (b) co-ordinate system.

The symbol D denotes the length/width of the antenna (if the antenna is rectangular
instead of square, then its width and length can be distinguished into Dx and Dy), and d
the gap between successive turns. The adopted origin of the co-ordinate system and the
division of the antenna loop into 5 sections (marked with different colors for easier distin-
guishment) ensured that its beginning and end aligned with each other, while maintaining
the full number of turns. The parametric form of individual sections is described by the
Equations (2)—(11).

Section 0:
xg=N-d—t-N-d (2)
Yo = 0+t-0 (3)

Section 1:
x1=d-i+t0 4)
y1=i-d+t(D—2-i-d) (5)

Section 2:
xp =i-d+t(D—2id) 6)
Yyo=D—id+1t0 (7)

Section 3:
x3=D —1id+t0 8)
y3=D—id+t((i+1)d—D+id) 9)

Section 4:
x4=D—id+t-((i+1)d—D+id) (10)
ya= (i+1)d+1t0 (11)

In the presented equations, the symbol N denotes the number of antenna turns, and
i—the index of subsequent iterations, varying in the range from 0 to N — 1. The t parameter
varies in the range from 0 to 1.

The bending model requires the introduction of a third dimension. Sections 1 and
3 are analogous to the flat model (only the height of subsequent turns changes, directly
determined by the distance between the turns). Sections 0, 2, and 4 can be described using
semicircle equations, the general form of which is written as Formulas (12) and (13).

x = xg + R-sin(a-t + p) (12)
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Yy =Yyo+ R-cos(a-t+ B) (13)

In these equations, x, o denote the center of the circle, R—the length of the radius,
a—the central angle of the circle, f—the initial angle (counterclockwise), t—parameter,
t € [0, 1]. The graphical representation of individual parameters is shown in Figure 6.

(a) (b)

Figure 6. Visualization of the bent model parameters: (a) central angle of the circle; (b) initial angle.

In Figure 6a, arc D represents the length of the first turn. In Figure 6b, the black arc
(on the bottom) represents the turn with index i, while the red arc (on the top) represents
the turn with index i + 1. The turns are numbered in ascending order towards the center of
the antenna loop.

The height of subsequent turns of the antenna loop is regulated by the initial angle.
The part of the circle arc defined as d, as in the case of the flat model, is the gap between the
turns, and this is a known value. The value of the radius R will also be known, therefore,
by transforming the formula of the arc length into the angle (14)—(15); the parametric
Equations (16)—(30) of individual sections can be related to the geometric dimensions of
the antenna and the object that will determine its curvature. From an engineering point of
view, this is a more advantageous solution because it is easier and faster to determine the
radius of the target object (by measuring its circumference or diameter) than to determine
the values of individual angles.

x= % [rad] (14)
p=2 frad (15)
Section 0: Nd D Nd
t .
X = R + R'COS(R + i — R) (16)
yo=0+1¢0 17)
. (tNd D N
Section 1: b id
Z.
x1 =R+ Rcos(R - R> +t-0 (19)
y1=1id+t(D—2id) (20)
. (tid D id
Section 2:

xQ:R—Q—R-Cos((D—M)-t—i-Zd) (22)
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Yyo=D—id+1t0 (23)
. D 2id i-d
Zy = R~sm(<R - R) t+ R) (24)
Section 3: .
x3 =R+ R~Cos<11.2> 110 (25)
y3=D—id+t((i+1)d—D+id) (26)
. (id
Z3 = R-sm<R> +t-0 (27)
Section 4: D (2it1)d .
-1 _|_ . 1-
X4 —R+R'cos<(RR>.t+R> (28)
ya= (i+1)d+1t0 (29)
_ ) D (2i4+1)d i-d
Z4 = R-Sln((R — R) -+ 4+ R) (30)

The determined parametric equations were used to create 3D models of antenna loops
(Figure 7) in the DesignSpark Mechanical program, although it is possible to implement
them in any CAD program enabling mathematical modeling of geometry.

Figure 7. View of generated 3D models in CAD software (https://www.autodesk.com/solutions/
cad-software): (a) flat model; (b) model curved on a 60 mm radius object; (c) model curved on a
45 mm radius object.

The created models were exported to STEP files, which enabled their subsequent im-
port into the EMCoS Studio environment, where the geometry was assigned the attributes
of real electroconductive threads, and an electromagnetic analysis was performed.

3. Results
3.1. Simulation Test

The generated parametric 3D models (a flat model and two bent models on objects
with radii Ry = 60 mm and R; = 45 mm) were imported into the EMCoS Studio 2023
program. Based on the imported geometry, wired antenna models with the parameters
(Table 1) of real conductive threads were generated.
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Table 1. Parameters of the conductive threads.

Thread Measured Resistance, QO/m Calculated Conductance, S/m
Adafruit 640 58.1 8.77 - 10*
Adafruit 641 20.1 2.53-10°
Liberator 40 2.86 1.78 - 100

The prepared antenna loops (Figure 8) were subjected to electromagnetic analysis in
the frequency range from 1 to 100 MHz, and their input impedances were determined. To
obtain reliable results, the analysis parameters included the environment (air) parameters
of the tested object. The real part (series resistance of the antenna loop) and the imaginary
part (reactance) were exported separately for further analysis. The obtained results are
presented graphically in Figures 9-12.

(a) (b)

Figure 8. View of the antenna created in EMCoS Studio: (a) flat model; (b) curved model.

200,000 80,000
—Flat_Adafruit-640 —Flat_Adafruit-640
—Flat_Adafruit-641 60.000- —Flat_Adafruit-641
—Flat_Liberator-40 ' —Flat_Liberator-40
150,000 40,0007
§ g 20,000+
@ @
e g
= g
2 100,000 3
E £ -20,000+
=1 =
Q. Q.
= < -40,000
50,000 60,000 |
-80,000 -
A
o] -100,000 T : :
0 Hz 20 MHz 40 MHz 60 MHz 80 MHz 100 MHz 0Hz 20 MHz 40 MHz 60 MHz 80 MHz 100 MHz
Frequency Frequency
(a) (b)

Figure 9. The waveforms of the simulated impedance for the flat model made with different threads:
(a) real part; (b) imaginary part.
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160,000 80,000
—R_60mm_Adafruit-640 —R_60mm_Adafruit-640
—R_60mm_Adafruit-641 —R_60mm_Adafruit-641
140,000 ~R_60mm_Liberator-40 60,000 —R_60mm_Liberator-40
120,000+ 40,000
<) <)
100,000 = 20,000
o o
=4 =4
© ©
B 80,000- g 0
5 5
2 60,000 220,000
£ £
40,0001 -40,000
20,0001 -60,000
0 -80,000 ‘ : : ,
0 Hz 20 MHz 40 MHz 60 MHz 80MHz 100 MHz 0 Hz 20 MHz 40 MHz 60 MHz 80MHz 100 MHz
Frequency Frequency
(a) (b)
Figure 10. The waveforms of the simulated impedance for the model curved on a 60 mm radius
object made with different threads: (a) real part; (b) imaginary part.
160,000 80,000
—R_45mm_Adafruit-640 —R_45mm_Adafruit-640
—R_45mm_Adafruit-641 —R_45mm_Adafruit-641
140,000+ ~R_45mm_Liberator-40 60,000+ ~R_45mm_Liberator-40
120,000 40,000
c c
100,000 = 20,000
o o
=4 =4
© ©
g 80,000 3 0
E E
2 60,000 2-20,000
£ £
40,000 -40,000+
20,000 | -60,000
0 -80,000 ‘ : ‘ ;
0 Hz 20 MHz 40 MHz 60 MHz 80MHz 100 MHz 0 Hz 20 MHz 40 MHz 60 MHz 80MHz 100 MHz
Frequency Frequency
(a) (b)

Figure 11. The waveforms of the simulated impedance for the model curved on a 45 mm radius
object made with different threads: (a) real part; (b) imaginary part.

For each model (flat, R = 60 mm, R = 45 mm), a major influence of the conductive
thread parameters on the values of real and imaginary impedance within the antenna’s
self-resonance is observed. The greater the conductivity of the thread, the greater the values
of both parts of the impedance.

As the antenna’s curvature changes, its self-resonance frequency also changes, but this
value at each level of antenna-bending is much higher than the tag’s operating frequency
(13.56 MHz).

From the point of view of the effectiveness of the tag, the values of the analyzed
parameters are crucial for its operating frequency, therefore the values of the resistance and
inductance of the antenna loop were determined for f = 13.56 MHz. The resistance can be
read directly from the real part of the impedance, while the inductance should be calculated
from the imaginary part using Equation (31). The determined values are presented in

Table 2.
X1,

2.m-f

Ls = (31)
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Figure 12. The waveforms of the simulated impedance for the different curvature of the antenna
made with Adafruit 640 thread: (a) real part; (b) imaginary part.
Table 2. Simulated values of series resistance and series inductance of the tested antenna made with
different threads.
Thread Flat Model Curved Model (R = 60 mm) Curved Model (R = 45 mm)
rea Rs, O Ls, uH Rs, O Ls, uH Rs, O Ls, uH
Adafruit 640 160.50 5.68 160.12 5.59 159.83 5.53
Adafruit 641 55.97 5.72 55.83 5.63 55.73 5.57
Liberator 40 9.85 5.71 9.83 5.63 9.81 5.56

The observed difference in the resistance values of the antenna loop made with differ-
ent conductive threads is obvious because each thread has a different internal resistance
value. Analyzing the obtained data, one can notice the relationship between the an-
tenna’s curvature and its parameters. As the bend increases, the resistance and inductance
decrease—in the case of resistance, this is an insignificant change, within the margin of
error. Although the level of observed changes may reduce the effectiveness of the tag, it
will not cause it to stop working.

3.2. Experimental Verification

The simulation results, although reliable, should be verified experimentally, because
the simulation often does not take into account all the variables that individually are not
important, but cumulatively can significantly change the final result.

Experimental verification of the obtained results was carried out for one case, i.e.,
an antenna sewn with Adafruit 640 thread. Resistance and inductance measurements
were performed over a wider frequency range than the simulation analysis—from 20 Hz
to 120 MHz (the full frequency range of the analyzer)—for a flat model and two radii of
curvature—R; = 60 mm, R, =45 mm. To ensure even bending of the antenna over its entire
length/width, dedicated polylactide stands were prepared (Figure 13).
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Figure 13. Photograph of the bending stands.

Measurements were performed using a Keysight E4990A impedance analyzer with
a 16047E adapter. Before collecting measurement data, in accordance with the procedure,
calibration was performed when the measurement leads were short-circuited and open.
The antenna was connected to the analyzer using the shortest possible copper connections.
A photograph of the prepared measurement stand is shown in Figure 14.

Figure 14. Photograph of the measurement stand.

To ensure the shortest possible connection of the tested antenna with the impedance
analyzer, its height was adjusted using polystyrene supports. When testing a bent antenna,
it was secured on the stand with plastic clips. The antenna was connected to the measuring
device using the shortest possible copper strips. The obtained results are presented in
Figures 15-17.
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PIE Ls  50.00 pH/ Ref 100.0 pH

[>1713.560000 MHz 5.5954 pH |

-~
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1 Start 20 Hz 0SC 500 mV Stop 120 MHz Keeill ey !

Figure 15. Measured waveforms of inductance (yellow waveform) and resistance (blue waveform) of
the flat antenna.

P Ls  50.00 pH/ Ref 100.0 pH
“H 517137560000 MHz 5.5616 pH

-~
ref 10.00 ko

84.554 Q

10. 00k P

1 Start 20 Hz 0SC 500 mV Stop 120 MHz Kee/llRe:y !

Figure 16. Measured waveforms of inductance (yellow waveform) and resistance (blue waveform) of
the antenna curved on a 60 mm radius stand.
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Figure 17. Measured waveforms of inductance (yellow waveform) and resistance (blue waveform) of
the antenna curved on a 45 mm radius stand.

To facilitate analysis, the results obtained independently for all three models were
summarized together. The obtained waveforms are shown in Figure 18.

25,000.0 40.0
30.0
20,000.0
20.0
15,000.0
10.0
- =
., 10,000.0 E
« < 0,0 : X 80.0 100.0 1200  140.0
-10.0
5000.0
-20.0
0.0 =
-30.0
00 200 400 600 80.0 100.0 120.0 140.0
-5000.0 -40.0
f, MHz f, MHz
Flat R_60mm ———R_45mm Flat R_60mm ——R_45mm
(a) (b)

Figure 18. The waveforms of the measured parameters for the different curvature of the antenna:
(a) series resistance; (b) series inductance.

As in the case of simulation tests, a change in the self-resonance frequency was
observed. For the operating frequency of the tag, the values of the resistance and inductance
of the antenna loop also changed (the measured values of these parameters are presented
in Table 3).

Table 3. Measured values of series resistance and series inductance of the tested antenna.

RS/ Q Ls, uH
Flat model 84.663 5.5954
Curved model (R = 60 mm) 84.554 5.5616

Curved model (R =45 mm) 101.93 5.4647
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The observed trend of changes is consistent with changes resulting from simulation
studies. However, the measurement result depends on many secondary factors. One of
them is the stretching of the antenna when securing it on the base, which is another element
affecting its geometry. In the analyzed case, this impact may be even greater than the
change in curvature. Due attention should also be paid to connecting the antenna to the
analyzer, because the longer the connection cables, the greater the measurement error will
be in the result.

The results obtained from experimental tests were compared with the simulation
results. Figures 19-21 show a comparison of the waveforms obtained for individual models.

25,000.0 40.0
30.0
20,000.0
20.0
15,000.0 .
s
% 10,000.0 < 00
& =~ looo.o 200 400 || 60. 800 1000 1200 140.0
5000.0 )
-20.0
0.0
00 200 400 600 800 1000 1200 140.0 -300
-5000.0 -40.0
£, MHz f, MHz
——Flat_meas Flat_sim Flat_meas Flat_sim
(@) (b)
Figure 19. Comparison of measured and simulated waveforms for the flat model: (a) series resistance;
(b) series inductance.
20,000.0 40.0
30.0
15,000.0
20.0
10,000.0 10.0
po 55
Ci < 00
& N
600.0 o000 200 400 | 60, 800 1000 1200 140.0
-20.0
0.0
00 200 400 600 800 1000 1200 140.0 -30.0
-5000.0 -40.0
f, MHz f, MHz
——R_60mm_meas R_60mm_sim ——R_60mm_meas =——R_60mm_sim

(a) (b)

Figure 20. Comparison of measured and simulated waveforms for the curved model (R = 60 mm):
(a) series resistance; (b) series inductance.
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Figure 21. Comparison of measured and simulated waveforms for the curved model (R = 45 mm):
(a) series resistance; (b) series inductance.

When comparing the simulation results with the experimental tests’ results, the ob-
tained waveforms were similar in shape and trend of changes in the analyzed values for
individual models. In Figure 21, in the frequency range around the self-resonant frequency
of the antenna loop, the measured waveforms differed significantly from the simulated
ones. These waveforms concerned the bend on the base with the radius of 45 mm which, in
fact, was a very significant change in shape, and this caused changes in the values of the
parameters of the resonant circuit.

The differences occurred due to the simplification of the simulation model in relation
to the real antenna loop, which did not take into account inter-turn capacitances, connecting
wires used during measurements with the analyzer, the presence of a button, or (which is
the most important) additional changes in the antenna geometry caused by its stretching
(direct impact on the actual value of the internal resistance of the conductive thread).
Moreover, the simulated model assumed the ideal geometry of the designed antenna.
Meanwhile, during sewing, rounding appeared on its corners, which also affected the
final parameters.

4. Conclusions

The integration of RFID technology with textronics has enabled the introduction of
innovative solutions to the market, in which the chip can be integrated, e.g., with a button
or patch, and an antenna made of a conductive material combined with the fabric from
which a given textile product is sewn.

RFID systems with textronic tags are widely used in many sectors of the economy.
There is wireless communication between the tags and the readers using radio waves, and
the reader’s connection to the Internet makes such systems ideally fit into the concept of
the Internet of Things or, more precisely, into the Internet of Textile Things (IoTT).

The production of RFID tags requires consideration of many technical and aesthetic
aspects, especially in the case of products integrated with textile products. However, each
tag whose antenna is made on a flexible substrate is exposed to factors that may disturb its
operation. One such factor is a change in the geometry of the antenna caused by a change
in its curvature—e.g., after placing the tag on a cylindrical object.

The authors decided to analyze the impact of changing the curvature of the antenna
of an RFID tag operating in the HF band on its parameters—resistance and inductance.
Simulation and experimental tests were performed.

The analyses confirmed that changing the antenna’s curvature affects its parameters.
It was observed that as the bending of the antenna loop increases, its inductance value de-
creases. The inductance of the antenna loop together with the capacitance of the RFID chip
creates a resonant circuit, and the best conditions for energy and data transfer occur when
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the antenna is perfectly matched (resonance frequency equal to the operating frequency of
the tag—13.56 MHz). Therefore, changing the value of the analyzed parameter may affect
the effectiveness of the tag. The tested antenna is characterized by a relatively low Q factor
and, therefore, a wide bandwidth, so the observed range of changes will not cause the tag
to stop working, but its operating range will change.

Discrepancies were observed between the results of simulations and measurements
of changes in the resistance of the tested antenna. During experimental research, a real
object is exposed to many factors that burden the results with additional errors. One such
factor is the tension of the thread when it is placed on the bending base or changing the
position of the button with the integrated circuit—stretching or contracting the conductive
thread causes a change in its internal resistance. The value of the inter-turn capacitance
also changes.

It is very difficult to compare the obtained results with the results of other researchers,
because slightly different parameters were analyzed (last paragraph of the introduction).
Additionally, a tag operating in a different frequency band was analyzed. Solutions for the
UHF band often appear in the literature. However, it is consistent with the observations
that changing the antenna curvature actually affects the parameters of the tested antennas.

The impact of placing antennas, not only for RFID tags, on non-planar objects is an
important and interesting issue. The analyses performed constitute the basis for further
research in this area, both in the context of other types of antenna and other materials used
to create them.
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